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ABSTRACT

This report presents the evaluation of the Saturn S-IVB Static

Firing Test Program that was conducted at the Douglas Aircraft

Company, Sacramento, California. The static firing program

consisted of a series of short and full-duration engine firings

to prove major design parameters of the propulsionsystem and

also to verify the integrity of the hydraulic, pneumatic, and

electrical control systems.

This report is a contractual requirement as defined in Douglas

Report No. SM-41410: Data Submittal Document_ Saturn S-IVB

System dated March 1965. It was prepared by the Saturn S-IVB

Test Planning and Evaluation Committee for the National

Aeronautics and Space Administration under Contract NAS7-101.
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Preface

PREFACE

The purpose of this report is to document the Saturn S-IVB

Battleship Static Firing Test Program. The static firing

program was conducted at the Douglas Aircraft Company,

Sacramento Test Center, Sacramento, California for a period

of from 18 September 1964 to 20 August 1965.

This report, prepared in compliance with the National

Aeronautics and Space Administration Contract NAST-IOI, is

published in accordance with Douglas Report No. SM-41410:

Data Submittal Document_ Saturn S-IVB System dated March 1965.
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Section 1

Introduction

I0 INTRODUCTION

This report was prepared by the Saturn S-IVB TP&E (Test Planning and

Evaluation) Committee for the National Aeronautics and Space Administration

under NASA contract NAST-101. This report presents a detailed evaluation

of the S-IVB battleship static firing test program.

The battleship tank was installed on the Beta Complex test stand No. 1 on

18 December 1963. Battleship buildup and checkout activities proceeded

concurrently with test stand, Test Control Center, and facility equipment

installations and checkout.

The J-2 engine was installed on the battleship tank on 4 June 1964. Check-

out of the battleshipj GSE, and support systems was completed by mid-

September. Saturn S-IVB/IB battleship configuration tests were performed

between 18 September 1964 and 14 May 1965. Saturn S-IVB/V battleship

configuration testing was performed between 19 June and 20 August 1965.

The S-IVB/IB static firing test program consisted of four full duration

and six short duration firings. In addition, 17 other tests (cryogenic

loadings, chilldown, and environmental tests) were conducted. The S-IVB/V

test program consisted of two full duration and five short duration firings.

The battleship vehicle assembly was removed from the Beta Complex test

stand No. 1 on 3 September 1965.

21 February 1966
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Section 2

Summary

o SUMMARY

This section contains a summary of the battleship test program. The count-

downs are discussed briefly and the evaluations are summarized.

Prior to all static firings, leak checks and complete functional tests of

the pneumatic, propellant, aft environmental control, electrical power

d_otr£bution, and sequencer sye=em8 were successfully completed. Refer to

Appendix 3 for the battleship test history.

2.1 Test Summary

2.1.1 Cold Flow and Chilldown Testing

The cold flow and chilldown tests (figure 2-1) consisted of a series of

nonfiring tests conducted to establish and evaluate operating procedures

for propellant loading, engine purging, venting, and a chilldown sequence

for proper engine start. Four countdowns, CD 614000, 614002, 614003, and

614004, were required for these tests.

2.1.2 Propulsion Development Firings

The propulsion development firings consisted of a series of shakedown

firings ranging from a 10-sec firing to a full-duration firing. These

firings were performed to establish engine operation, countdown procedures,

and engine start procedures. The firings were also used to determine and

evaluate the performance of the J-2 engine with the S-IVB stage. Data were

obtained to evaluate the performance of the PU, propellant tanks pressuri-

zation, and the pneumatic control systems. In addition, data were obtained

to evaluate vibration and acoustical effects. Six countdowns (CD 614005

through 614010) were required for these tests.

2.1.3 J-2 Engine Temperature Conditioning Tests

During the J-2 engine temperature conditioning tests (CD 614011 through

614019) which were conducted per Rocketdyne's engine chilldown procedure,

an apparent LH2 pump stall developed. This problem was investigated during

the next nine countdowns and upon completion of the tests, DAC had developed

a satisfactory chilldown procedure.

21 February 1966
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Summary

2.1.4 Saturn S-IVB/IB System Development Firings

The system development firings were conducted to evaluate the performance

of the engine, hydraulic, pneumatic, pressurization, and PU systems. Data

were obtained to finalize all operating procedures, engine parameters, PU

parameters, and pressure and chilldown procedures.

These tests consisted of CD 614020 through 614025_ 614028, and 614030

through 614032. One ambient and two hot gimbaling tests were also conducted

2.1.5 Saturn S-IVB/V System Development Firinss

The system development firings were conducted to determine engine restart

capabilities and to evaluate the propellant repressurization and PU systems.

Data were obtained to establish loading and venting procedures for the

ambient helium repressurization system, and to verify minimum chilldown

requirements for engine restart after simulated orbital coast period

shutdown. These tests consisted of seven countdowns: 614033 through

614035, and 614041 through 614044. One ambient and two hot gimbaling tests

were also conducted.

2.2 Evaluation Summary

2.2.1 Engine System

Chilldown and loading of the engine start tank and control sphere for both

the S-IVB/IB and S-IVB/V were successfully demonstrated. The LOX and LH2

recirculation systems adequately chilled the engine pumps and provided

pump inlet conditions well within the required start boxes in both S-IVB/IB

and S-IVB/V tests.

Thrust chamber chilldown was adequate to meet Rocketdyne's original engine

start requirement for the thrust chamber temperature. However, as shown by

the results of an early test (CD 614007), this requirement did not guarantee

a satisfactory engine start. Subsequent special chilldown tests demonstrated

that additional parameters (lower tube temperatures) should be included in

the start requirements when there is a hold period between chilldown and

engine start.
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The S-IVB battleship program demonstrated the ability of the Rocketdyne J-2

engine to function on the S-IVB stage. The engine performance showed no

large Or unexplainable deviation from the manufacturer's acceptance data.

The four full-duratlon tests that were used for the S-IVB/IB analysis showed

satisfactory engine start, steady state, and cutoff operation of the pro-

pulsion system. The engine response to the propellant utilization valve

movement was also satisfactory. The S-IVB/V engine conditioning and re-

start requirements were demonstrated by two tests. The flow integral

technique of cryogenic calibration was established and verified during the

battleship test program.

2.2.2 Oxidizer System

The originally designed flight pressurization (cold gas) system was changed

during the battleship test program because it could not maintain the LOX

tank ullage pressure above the desired minimum pressure of 37 psia during

the pressurization system start transients. In the new (hot gas) system,

the orifices controlling the helium flow through the J-2 heat exchanger

are now located downstream of the heat exchanger, producing a significant

reduction of LOX tank ullage pressure drop during the engine start transients.

Aside from the start transient problem, the LOX pressurization system

functioned adequately and satisfactorily maintained ullage pressure so that

NPSH (net positive suction head) requirements were met for all battleship

tests.

Cold flow testing had demonstrated that the performance of the LOX re-

circulation system was adequate for S-IVB/IB type missions. Results of the

S-IVB/IB battleship hot firings confirmed cold flow results by showing that,

during all tests, the available NPSH at ESC (Engine Start Command) met the

start requirements. Results from the S-IVB/V battleship test indicated that

the LOX reclrculation system is able to satisfactorily accomplish a dry

duct chilldown, which is a primary requirement for S-IVB/V type missions.

2.2.3 Fuel System

Throughout all S-IVB/IB and S-IVB/V type battleship tests, the LH2 tank

pressurization system performed adequately. The LH2 tank ullage pressure
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was maintained within acceptable limits which resulted in LH2 tank NPSH re-

quirements being met on all tests.

The LH2 recirculation system proved to be adequate for S-IVB/IB missions

during cold flow tests. Results were confirmed during the S-IVB/IB battle-

ship hot firing tests.

The ability of the LH2 reclrculation system to successfully accomplish an

S-IVB/V type dry duct chilldown was demonstrated during S-IVB/V battleship

countdowns when all engine start requirements were met.

2.2.4 Pneumatic Control and Purge Systems

Throughout all battleship testing, pneumatic control was successfully main-

tained and all purges were successfully accomplished.

During the early cold flow tests, problems developed with the stage pneumatic

control module which required rework. Therefore, during the S-IVB/IB tests,

pneumatic control and purge supply were maintained from GSE supply.

During S-IVB/V tests, the rework module was reinstalled and the pneumatic

system was proved adequate for pneumatic control, purge operations, and

leakage makeup.

2.2.5 Environmental Control System

Tests were conducted to verify that the environmental control system could

adequately purge the aft skirt and interstage area to an oxygen content

level of 4 percent by volume, or less, in a reasonable time. The tests

indicated that this level was reached in less than three minutes. This

indicated that little mixing occurred during the initial period of the

purge and that the GN2 flow was a blanket effect that pushed the air from

the interstage. Tests were conducted and verified that the aft skirt and

interstage thermo-conditioning and purge system could maintain the tempera-

ture of all electronic equipment mounted on the aft skirt within their

correct operating ranges. Also verified was that during S-IVB/V operation,

the helium bottle used for purging the propellant pumps seal cavities could

be controlled adequately with respect to maintaining its enclosure outlet

temperature above 77 deg F. During the thermal verification test the APS

I0
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(auxiliary propulsion system) outlet temperatures were within the design

limits of 87.+--5 deg F. The temperature of the APS at finplane I was

slightly cooler than that of the APS at finplane III; this lower temperature

was typical of most of the temperatures measured on the finplane I side of

the manifold.

2.2.6 PU STstem

The PU system functioned properly on all S-IVB battleship firings. Pro-

pellant mass was determined by the PU system, level sensors and a flow

integral analysis. Each method of analysis proved good repeatability and

had good agreement with the other analyses. The PU mass sensor non-

linearities were similar for the three countdowns considered. The PU

valve command and position history simulation was in close agreement with

the actual command and position histories indicating good accuracy of the

nonlinearity curves.

2.2.7 Data Acquisition System

The data acquisition system for battleship testing consisted of flight-type

transducers hardwlred to a ground instrumentation system and recorded on

magnetic tape. The recording system consisted of digital and constant

bandwidth FM. Strip charts were provided for real time display of redline

and cutoff parameters. Operation of the instrumentation system was

satisfactory as indicated by its 95.9 percent valid data acquisition. No

problems were experienced with the battleship stage instrumentation that

would affect its use on a flight stage.

2.2.8 Electrical System

The stage electrical control system operated satisfactorily throughout the

battleship tests. The sequencer performance was as expected. The electrical

systems that were not included in this program were the range safety, ullage

rocket ignition and Jettison systems, and APS control.

The electrical power system consisted of two forward power supplies, two aft

power supplies, two inverters for the LOX and LH2 chilldown motors, and a

static inverter/converter. The forward power supply No. 1 was not used.
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Forward power supply No. 2 operated satisfactorily supplying 2.7 amps prior

to engine ignition and increasing to 3.45 amps after engine start.

Operation of the aft power supply No. 1 was within expectations. The current

surged to 28 amps during start sequence and maintained current levels be-

tween 8 to 12 amps during engine steady-state operation.

The aft power supply No. 2 whluh _upplied 56 vdc to the chilldown Invlr_Qrl

and the auxiliary hydraulic pump, operated successfully. The current in-

creased from 50 amps to 74 amps when the pump started to pressurize the

accumulator. The current decreased to approximately 44 amps when the

accumulator reached full pressure.

The chilldown inverters were not installed during the early part of the

battleship program but they were successfully used in the S-IVB/IB and

S-IVB/V tests. The only problem noted was the erratic speed of the LH2

chilldown pump during S-IVB/V chilldown tests.

Inverter phase voltages were nominally 52 vdc and the phase currents indi-

cated 35-40 amps start transients dropping to 10-15 amps during steady-state

operations. Phase frequency was 408-410 amps and the inverter temperature

varied between 525 and 545 deg R. All data were within the expected range.

The static inverter/converter operated satisfactorily and all parameters

were within their prescribed tolerances.

2.2.9 Hydraulic System

The hydraulic system was evaluated for four full-duratlon firings; CD 614025

and 614030 were for the S-IVB/IB; and CD 614043 and 614044, were for the

S-lVB/V.

For each of these countdowns the system was serviced using the fill, flush,

bleed and fluid sample procedures used for a flight stage. The reservoir

fluid level was maintained at 85 _2 percent full volume before each firing

and did not decrease below 25 percent during hydraulic pump operation.

Pressure data were within the design limits of the pumps and verified

compensator pressure settings which had been determined in previous tests.

All reservoir pressure readings and fluid temperatures were within design

limits. GN2 pressure was acceptable for all firings. CD 614028 was cut

12
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off manually after 374 sec of engine operation because of a high hydraulic

reservoir oil temperature. The anomaly was caused by a defective high-

pressure relief valve.

The hydraulic system successfully positioned and gimbaled the engine in

response to simulated guidance commands.

2.2.10 Thrust Vector Control

A vast amount of data pertinent to the engine control system performance

was obtained including engine gimbal friction, engine position, phase and

gain characteristics at both low frequencies and command amplitudes.

Evaluation of these engine gimbaling tests indicated that all test objectives

were fulfilled. The thrust vector control system closed loop response be-

haved as predicted and satisfied performance requirements.

The results of these gimbaling tests will be utilized to establish an

accurate mathematical model of the flight control system for purposes of

control system stability studies and flight performance predictions.

2.2.11 Acoustics and Vibration

Fifty-nine acoustic and vibration parameters were monitored during the

battleship program. Data from 16 countdowns (18 firings) were reduced for

this evaluation.

• n general, data obtained over several firings from a particular parameter

were very repeatable. The majority of the parameters monitored, both

acoustic and vibration, exhibited high levels at ESC and ECO. These levels

ranged from 2db to 7db higher than the steady-state levels during main-

stage. At engine start, the transients persisted from ESC +2 sec to ESC +7

sec. Engine cutoff transients lasted from 0.5 to 1.5 sec after ECO.

2.2.12 Aero/Thermodynamic Analysis

Temperatures measured during the S-IVB/IB battleship aft interstage environ-

mental tests (CD 614031 and 614032) by sensors located on the J-2 engine

thrust chamber were used to verify analytical predictions for the flight

stages and to determine whether the temperature of the engine thrust
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13



Section 2
Summary

chamber tubes will exceed the maximum allowable starting temperature prior

to first ignition. Predicted tube temperatures at liftoff were 210 deg R

forward of the manifolds and 170 deg R aft of the manifolds. The predicted

temperatures were in good agreement with the actual.

Common bulkhead temperatures measured during these tests could not be used

to predict flight temperatures because the battleship used a steel instead

of a honeycomb bulkhead.

Temperature gradients across the honeycomb and along the weld seams during

the LOX loading phase were generated analytically on the basis of the

measured ullage gas temperatures.

2.2.13 Reliability and Human Engineering

Hardware failure summary of all flight critical items were prepared by

reliability engineering, and numerous recommendations have been adopted

based on human engineering evaluation of Complex Beta and the Saturn S-IVB

Battleship Vehicle.
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Test Configuration

o TEST CONFIGURATION

The test configuration consisted of the battleship test vehicle, GSE (ground

support equipment) installed on the Beta Complex test stand No. i, and GSE

installed in the test control center (blockhouse) and the Beta Complex test

facilities.

3.1 Battleship Test Vehicle Configuration

The battleship test vehicle configuration during most of the static firing

tests was basically that of the S-IVB/IB stage. However, the configuration

was modified to that of the S-IVB/V stage during the final phase of the

tests. This modification primarily consisted of the installation of i0

ambient helium bottles to the thrust structure for LOX and LH2 tank

repressurization.

The battleship test vehicle consisted of the battleship tank assembly and

flight stage systems. The tank was a heavy-duty stainless steel, cylindrical

vessel with hemispherical heads mounted on a dummy aft interstage and the J-2

engine mounted on the thrust structure. The internal configuration of the

LOX and LH2 tanks was similar to the S-IVB flight stage except for openings

provided for special instrumentation, cameras, lighting, and emergency LOX

drain provisions. All flight stage systems were installed using either flight

or prototype flight components except for the following:

a. Telemetry system

b. Separation and range safety pyrotechnic systems

c. Electrical power system batteries

d. Ullage and retrorockets

e. Auxiliary propulsion system

3.1.1 Propulsion System

The propulsion systems for both S-IVB/IB and S-IVB/V battleship configurations

were the same as the flight stage except for the addition of emergency LOX

drain provisions and the domotor valve installation on the LH2 tank.
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3.1.2 Electrical Power System

The electrical power system consisted of external power supplied to the

vehicle through prototype forward and aft power distribution boxes. Two

prototype chilldown inverters were used for the chilldown pumps and one

prototype static inverter-converter supplied power for the propellant

utilization system.

3.1.3 Sequencing System

The sequencer used was a prototype version. Command signals to the sequencer

are normally received from the switch selector in the stage; however, in the

battleship vehicle configuration, the commands were received from the GSE

console in the Beta Complex test control center.

3.1.4 Hydraulic Systems

The hydraulic systems were the same as for the flight stages.

3.1.5 Propellant Utilization (PU) System

The PU system consisted of an integrated system using prototype components.

These components included the following:

a. Static inverter-converter

b. Propellant utilization electronics assembly

c. LH2 mass probe

d. LOX mass probe

e. Engine mixture-ratio valve

3.1.6 Aft Skirt and Interstage Thermoconditioning and Purge System

The aft skirt and interstage thermoconditioning and purge system was a

prototype configuration. The main variations from the flight stage configura-

tion were due to the structural differences between the battleship vehicle

and the flight stages.

3.1.7 Instrumentation

Instrumentation consisted of static test and flight-type transducers.

parameters were transmitted to the ground recording system by means of

All
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hardwire. A telemetry system was not used. In addition, adequate

instrumentation was provided in the Beta Complex facilities to evaluate

the performance of the facilities.

3.2 GSE - Beta Complex Test Stand I

The GSE installed on the test stand included manually controlled battleship

GSE and electrical equipment to supply control and/or power.

3.2.1 Manually Controlled GSE

Manually controlled GSE used to control propellant and gases were as follows:

a. Pneumatic console A

b. Pneumatic console B

c. Pneumatic console C

d. Gas heat exchanger

e. LOX valve control complex

f. LH2 valve control complex

3.2.2 Electrical GSE

Electrical GSE, with the exception of the test stand cable network and the

terminal cable network was located in the aft umbilical room and included

the following:

a. Umbilical junction box

b. Control switching rack

c. Exten, al power rack

d. Inverter power supply

e. Gimbal power supply

3.3 GSE - Test Control Center

The test control center GSE included the following:

a. Safety officers' console

b. Test conductors' console

21 February 1966
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c. TV control console

d. Facilities control console

e. Instrumentation control console

The GSE installed in the launch control console included _he following:

a. LH2 loading control panel

b. LOX loading control panel

c. Hydraulic and gimbal control panel

d. Helium control panel

e. Vehicle system control panel

f. Chilldown inverter control panel

g. Engine firing control panel

h. Automatic propellant loading set

i. GH2/GN2 control panel

J. PU control panel

k. Engine component checkout panel

The patch panel junction box and test control center cable network were used

only for the battleship test.

3.4 Beta Complex Test Facilities

The Beta Complex test facilities included the following:

a. Propellant transfer systems

b. Pneumatic systems

c. Water systems

d. Venting systems

22
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o TEST OPERATIONS

The countdown procedures developed during the battleship stage programs

served two basic functions: (I) to effectively and safely prepare the

stage for the test currently being conducted and (2) to develop an overall

procedure to be used for conducting the acceptance and launch countdowns

of the flight stages.

Typical S-lVB/IB and S-IVB/V battleship countdown procedures are illustrated

in figures 4-1 and 4-2. The countdowns were initiated by the usual

vehicle systems checks and propellant and pneumatic panel loading and

control setups and, as shown, proceeded through propellant and pneumatic

system loading and system checks and preparations. At approximately SLO

(simulated liftoff) -17 min, the automatic sequence was initiated with the

engine start tank chilldown sequence.

The total of approximately 3 hr 15 min were required from the initiation of

final countdown to Engine Start Command.

4.1 Purges

Before the firing countdown was initiated, the LH2 tank and engine were

purged with GH2 to remove the nitrogen remaining from the previous GN2

purges. When required, the LOX tank was purged with GN2. The remaining

system purges were conducted during the firing countdown. The system purges

are described in the following paragraphs.

4.1.1 LH2 Tank Purge

Before the LH2 tank was loaded, an initial GN2 purge was accomplished (when

required) to remove air and humidity from the LH2 tank, umbilical line, and

facility LH2 loading line, and to establish a GN2 blanket. The GN2 was

introduced through the LH2 umbilical drain and blanket pressure line into the

umbilical nozzle and vented through the LH2 tank vent-rellef valve and the

GSE LH2 main fill and topping control system vent valve. The purge was

continued until the gases contained 1 percent oxygen by volume. The 20-psla

GN2 blanket was locked in the tank.

When LH2 was to be loaded, the tank, umbilical llne, and facility loading line

were purged with GH2 to remove the GN2 blanket and establish a hydrogen

21 February 1966

25



Section 4
Test Operations

atmosphere in all areas that will contain liquid or gaseoushydrogen. This

GH2purge gas was obtained from console C, 2,500 to 1,500 psia ambient GH2

supply. The purge gas flowed from console C through the LH2 tank GH2purge

line to the LH2 tank prepressurization line and into the LH2 tank. The gas

flowed out of the tank through the LH2 fill and drain valve and umbilical

drain to the burn pond for 40 min while the LH2 tank ullage pressure was

monitored and prevented _rom exceeding 23 psig. After the purge valve was

closed, the tank pressure was allowed to decrease to 5 psig, the umbilical

drain was closed, and a gas sample was taken from the bottom of the tank.

(If the GN2 concentration is more than i percent, the purge is continued for

5 min, then resampled and, if necessary, continued until the GN2 concentration

is less than i percent.) The LH2 tank was then pressurized to 20 _l psig

through the LH2 tank purge line, the LH2 tank vents were opened, and the

pressure decreased to 3 _i psig. The LH2 prevalve was then opened, the LH2

recirculation valve was closed, and the LH2 tank was pressurized and vented

three additional times.

4.1.2 LOX Tank Purge

Before the LOX tank was loaded, an initial GN2 purge was accomplished (when

required) to remove air and humidity from the tank, the umbilical line, and

the facility LOX loading line, and to establish a GN2 blanket. The GN2 was

introduced through the LOX umbilical drain and blanket pressure line into the

umbilical nozzle and vented through the tank vent-relief valve and the GSE

LOX main fill and topping control system vent valve. The vented purge gases

were sampled periodically and analyzed with a gas chromatograph. When the

gases contained 1 percent oxygen by volume, the purge was terminated, and the

tank was vented to the 22-psia blanket pressure which was maintained in the

tank.

4.1.3 LOX Chilldown Pump Purge

The LOX chilldown pump motor container was purged of air and humidity before

LOX was loaded. A pressure of 49 to 54 psia was maintained in the container

when LOX was present in the L0X tank. The ambient helium used for this

purpose was supplied from the stage pneumatic control helium sphere (which was

replenished by facility helium as required) through the pneumatic power control

module to the LOX chilldown pump purge module which maintained the required

pump container pressure.
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4.1.4 Engine Turbine Start Tank Purge

The engine turbine start tank, which used cold hydrogen gas for start opera-

tions, contained air and moisture and was, therefore, purged with helium at

50 psia for 5 min soon after propellant loading was completed. During the

automatic sequence, cold GH2 was used to chill the tank to the required

temperature before it was filled. The cold GH2 was supplied from the LH2

vaporizer in the LH2 main fill and topping control system. The purge gas

was supplied to the start tank through the start tank fill customer connect

point and was vented out of the start tank vent and relief valve through the

overboard drain customer connect point and the GH2 vent stack.

4.1.5 Engine Thrust Chamber Jacket Purge

A helium purge of the thrust chamber LH2 jacket is necessary to purge the

jacket of air and humidity and, after ground firing, to purge it of hydrogen.

The purge was accomplished by flowing helium through the jacket and out the

thrust chamber for 5 min at i00 scfm. The helium was ground supplied from

pneumatic console C at 50 psia.

4.1.6 Engine Pump Purge

A helium purge of the engine LOX turbine seal cavity, LH2 turbine seal cavity,

LH2 pump seal cavity, and gas generator injector was necessary before the

propellants were loaded to purge out air and humidity and, after the firing,

to purge out propellant vapors. The purge was accomplished by flowing 5 scfm

helium for i0 min at 105 to 130 psia from the stage pneumatic control helium

sphere.

4.2 Loading and Unloading

The battleship stages were successfully loaded with LOX, LH2, and cold helium

during all countdown which required that propellants be on board. The propel-

lant loading rates obtained averaged 2,757 and 804 gpm for LH2 and LOX

respectively (table 4-1). The following loading procedures were developed.

4.2.1 LH2 Loading

Prior to loading LH2, the LH2 tank, the LH2 umbilical, and the LH2 transfer

line were purged in accordance with the established purging procedures. The
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LH2 tank was precooled through the topping valve with the LH2 vents open

for approximately 5 min. The main fill valve was placed in the reduced fill

position and loading was continued until the mass level reached the 5 percent

level. The main fill valve was then opened and the tank was filled to the

98 percent level at the rapid fill rate of approximately 2,600 to 3,000 gpm.

At this time, the main fill valve was placed in the reduced fill position

until the mass level was at the 99.25 percent level. The modulating valve

was then used to replenish and maintain the tank at the i00 percent level.

4.2.2 LOX Loading

The LOX tank was filled in three phases; precool, rapid fill, and topping.

The precool phase of approximately 5 to 7 min was conducted at an average

flowrate of approximately 500 gpm. During this precool phase, the LOX tank

ullage pressure was being increased, which was constantly increasing the pre-

cool flowrate. The loading rate attained was 804 gpm until the 98 percent

level was attained when the main fill valve was closed to the reduced position

and the loading completed in the reduced flow and replenish mode.

4.2.3 LH2 Unloading

The LH2 tank was loaded by pressurizing and maintaining the LH2 tank at

approximately 35 psia, opening the main fill and fill and drain valves and the

LH2 storage tank vent valve, and draining the LH2 back into the ground storage

facility. The unloading rates achieved were between 2,000 and 2,100 gpm.

4.2.4 LOX Unloading

The LOX tank was unloaded by pressurizing and maintaining the LOX tank

between 37 to 40 psia, opening the main fill and fill and drain valves and the

LOX storage tank vent valve, and draining the LOX back into the ground storage

facility. The unloading rates achieved were between 800 and 1,000 gpm.

4.2.5 Cold Helium Loading

There are eight cold helium spheres located in the LH2 tank. These spheres

were purged with ambient helium before LH2 transfer by pressurizing to

500 psia and venting to 15 psia. Prior to loading LH2, the spheres were

pressurized to and maintained at 750 psia with ambient helium to prevent
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excessive helium pressure loss from chilldown of the spheres during loading

of the cold LH2. When50 percent of the LH2 had been loaded, cold helium

(from the cold helium ground source) loading into the spheres was started by

pressurizing the spheres to a nominal pressure of 3,i00 psia and cooling

them to 50 deg R. The pressure source remained connected until liftoff with

cold helium fill time of approximately 40 mln. The spheres were protected

from temperature changes by the pressure relief valve and were vented through

the solenoid vent valve, both of which are in the vehicle cold h@lium fill

module.

4.2.6 Pneumatic Control Helium Sphere Loading

Prior to loading, the pneumatic control helium sphere and lines were purged

by filling to 500 psia and venting to 15 psia. The sphere was then filled

to 1,500 psia and allowed to stabilize for an hour, then filled to 3,000

psia. The temperature of the loaded gas was not allowed to exceed 80 deg R

during the second loading. Approximately 1 ibm of helium was loaded into

the spheres at a maximum rate of 0.003 ibm of helium per sec.

4.2.7 Propulsion GSE Performance

The propulsion GSE (ground support equipment) consisted of pneumatic consoles

A, B, and C, a gas heat exchanger, and a LOX and LH2 valve control complex.

The GSE installed in the launch control console consisted of an LH2 loading

control panel, LOX loading panel, helium loading panel, GH2/GN2 control

panel, and engine firing control panel, For ease of organization, the GSE

performance will be discussed in order by function rather than by items of

equipment.

4.3 Terminal Countdown

The major events of the terminal countdown were engine conditioning; final

topping and prepressurization of the propellant tanks; and, if necessary,

final addition of helium to the cold helium spheres, the pneumatic control

spheres, and, for the S-IVB/V tests, the repressurization spheres. Reviews

of the terminal count sequence for the battleship tests indicate that the

variations consisted primarily in changes in starting times and in duration

of the engine conditioning event. The other events were essentially fixed
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in the sequence; i.e., the LOX tank was prepressurized at either 3 or 3.5 min

before SLO and the LH2 tank prepressurization was always initiated 10 sec

later than that of the LOX tank.

During the testing of the J-2003 engine (CD 614005 to 614010), the sequence

of engine conditioning events was changed twice as a result of problems

encountered (table 4-2). During CD 614005, chef,down of _hQ LOX and LR2 pump8

was initiated at SLO -i0 min. During this test, the ignition of the gas

generator started an uncontrolled combustion which ultimately resulted in

damage to several engine components. The violent reaction at ignition

occurred because of an oxygen-rich mixture ratio in the gas generator as a

result of a very effective chilldown by the LOX recirculation system.

After this test, the LOX and LH2 engine pump chilldown was started at

SLO -3 min 30 sec. The gas generator body was equipped with a heater and

with temperature skin patches to control and monitor the temperature within

the limits suggested by Rocketdyne.

The next change in the terminal count sequence involving engine conditioning

was made after CD 614007. During this test, the LH2 pump surged during the

engine start transient. Insufficient chilldown of the engine, particularly

of the thrust chamber jacket, was believed to have caused this incident. To

prevent recurrence, the thrust chamber jacket was extended from 20 to 51 min,

starting at SLO -50 min and ending at SLO -I min, and the engine pump chill-

down was initiated at SLO _8 min 45 sec instead of at SLO -3 min 30 sec

(CD 614006 and 614007 had shown that the gas generator heater could control

the body temperature within the desired limits). These changes eliminated

the problem of the final pump surge in the tests discussed in the following

paragraphs. (For further discussion of the effect of these sequence changes,

see paragraph 6.1.)

During the tests with the J-2003 engine, the sequencing of chilldown and load-

ing of the engine control and start spheres was not changed. The first

battleship tests (CD 614014, 614017, 614018, and614019) with the J-2013 engine

were the special thrust chamber jacket chilldown and warmup test to investi-

gate the effect of these events on the LH2 pump performance during the engine

start transient (start tank blowdown tests; engine was not fired). In some

of these tests the pump chilldown period was also varied to examine its effect.

30
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See Section 6 for details of the J-2013 firing tests (CD 614020 and 614030).

The thrust chamber jacket chilldown initiation varied from SLO-12 min to

SLO-8 min 30 sec. Variations were madeto accommodateLOXtank pressuriza-

tion system chilldown procedures (also using helium) and still provide
sufficient thrust chamberchilldown. Thrust chamberchilldown was terminated

at approximately SLO+70 to SLO+72 sec. Engine pumpchilldown was initiated
at SLO-5 min in all these tests.

The start tank loading time was changed after CD614023 from SLd -4 minutes

to SLO-2 min. Also, the sphere was loaded to a lower pressure for CD614024

and subsequent tests. A changewas madeto obtain required conditions at
ESCwithout venting the start tank during the period between end of fill and

ESC. The engine pneumatic control helium sphere conditioning procedure was
changed for the samereason. This sphere was vented to approximately

2,800 psia at SLO-2 min to prevent further venting prior to ESC.

Prior to the S-IVB/V tests, the sequence was not changed except for the time

of termination of thrust chamber chilldown. This time was established during

the count on the basis of the ambient conditions and the prediction curves

of the heatup rate for the given ambient conditions. Thrust chamberchilldown

was initiated at SLO-20 min. Becauseof the S-IVB/V stage mission require-

ments, the engine pumpchilldown was started later in the terminal count

(SLO-2 min 30 sec) and the chilldown and fill of the engine start tank and

pneumatic control helium sphere were started earlier.

4.4 Propellant Loading GSE

The propellant loading GSE performance was acceptable. The LOX was transferred

under pressure (125 psig) from the LOX storage tank, through the LOX valve

control complex to the battleship LOX tank. The main fill and replenish flow

control was provided by the valves included in the valve control complex which

were actuated by electrical signals emanating from the vehicle propellant

system. The LH2 was transferred under pressure from the LH2 storage tank,

through the LH2 valve control complex to the battleship LH2 tank. The main

fill and replenish flow control was provided by the valves in the valve control

complex which are actuated by electrical signals emanating from the vehicle

propellant system. In addition, the valve complex controlled the transfer of

LH2 to the gas heat exchanger. The propellant loading complex consisted of

LOX valve control complex DSV-IVB-205 and LH2 valve control complex DSV-IVB-206.
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4.4.1 GH2, GN2, and Helium Supply Systems

Pneumatic console A, Model DSV-IVB-201, performed adequately and was

acceptable. The console was used for receiving helium gas at 6,000 pslg

and nitrogen gas at 2,500 psig and reducing and regulating these gases to

meet the requirements of purging, blanket pressures, checkout, countdown,

and unloading operations. Pneumatic console B, Modal DSV-IVB-208, waB used

for receiving helium gas at 3,000 psig at 60 deg R, nitrogen gas at 2,500

pslg, and hydrogen gas at 200 psig, and reducing and regulating these gases

to meet the requirements of purging, blanket pressures, checkout, countdown,

and unloading operations. Pneumatic console C, Model DSV-IVB-202, was used

for receiving hydrogen gas at 2,500 psig, nitrogen gas at 750 pslg, and

helium gas at 3,000 psig at 210 deg R, and reducing and regulating these

gases, as required for purging, blanket pressures, checkout, and countdown

and unloading operations. The gas heat exchanger, Model DSV-IVB-207, was

used to receive helium gas at 3,000 and 2,700 psig, and hydrogen gas at

800 psig, from the pneumatic consoles. The heat exchanger cooled the

ambient temperature helium and hydrogen gases to 60 deg R and 210 deg R re-

spectively, and transferred the cooled gases to the pneumatic consoles B

and C for subsequent charging of the stage cold gas spheres during countdown.

4.4.2 LOX Tank Prepressurization

Near the end of the LOX tank fill operations, the LOX tank was prepressurized

with ground cold helium. Prepressurization was begun at the 99.25 percent

full point and required approximately 30 sec. The tank was prepressurized to

39.5 psia at which pressure the tank prepressurization pressure switch

actuated and closed the prepressurized valve in the LOX tank pressurization

control module. If tank pressure decreased to 37.5 psia the pressure switch

opened the valve to repressurize the tank.

4.4.3 LH2 Tank Prepressurization

Near the end of the LH2 tank fill operations, the LH2 tank was prepressurized

with ground-supplied helium which was supplied to the vehicle at i00 deg R

and 600 psia. The helium pressure decreased the tank pressure through

32
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expansion upon flowing from the pressurization line into the tank. Pre-

pressurization began at the 99 percent LH2 level and required approximately

60 sec to reach 30.5 psia. At this pressure, the tank prepressurizatlon

pressure switch actuates and closes the ground prepressurization valve. If

the tank pressure decreased to 28.5 psia, the pressure switch opened the

valve to repressurize the tank.
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COUNTDOWN

NO.

614011

614012

614013

614014

614014

614015

614016

614016

614017

614018

614019

614020

614021

614022

614023

614028

614005

614006

614007

614008

614009

614010

Average
Rate

Percent

of

Design

Rate

LH2

ULLAGE STORAGE
RAPID

PRESSURE TANK
FILL

MAXIMUM PRESSURE

(gpm) (psia) (psia)
h,

2,800

2,730

2,890 18.8 to
20.0

2,860

3,050 61

2,710

3,010

2,680

2,750

2,680

2,660

3,100

2,870

2,910

2,120

2,460

2,610

2,740

2,750

2,757

92

60

82

54

LOAD

(ibm)

39,9XX

37,9XX

39,9XX

38,5XX

38,5XX

38,5XX

39,5XX

39,5XX

39,5XX

RAPID

FILL

(gpm)

,.,p

700

757

765

810

860

907

930

963

770

820

75O

770

39,5XX 920

28,1XX 890

37,9XX 575

38,2XX 660

37,4XX

39 ,9XX 820

39 ,XXX 815

804

80

LOX

ULLAGE

PRESSURE

MAXIMUM

(psia)

26.5

STORAGE

TANK

PRESSURE

(psia)

81

82

83

75

LOAD

(ibm)

169,9XX

183,9XX

183,9XX

188,0XX

188,0XX

150,0XX

188,0XX

188,0XX

188,0XX

180,OXX

188,0XX

188,0XX

189,6XX

192,4XX

192,8XX

169,9XX

183,6XX
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Section 5

Sequence of Events

TABLE 5-1 (Sheet 1 of 4)

TYPICAL S-IVB/IB BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

LOX Recirculation Valve Closed

LH2 Recirculation Valve Closed

LH2 Recirculation Valve Open

LOX Recirculation Valve Open

LOX Chilldown Inverter Energized

LH2 Chilldown Inverter Energized

Engine Ready

Simulated Booster Liftoff

PICKUP/

DROP-OUT

LH2 Pre-Valve Closed

LOX Pre-Valve Closed

LH2 Pre-Valve Open

LOX Pre-Valve Open

DO

DO

PU

PU

PU

PU

PU

LOX Chilldown Inverter Energized

LH2 Chilldown Inverter Energized

LOX Recirculation Valve Open

LH2 Recirculation Valve Open

LOX Recirculation Valve Closed

LH2 Recirculation Valve Closed

Start Command (GSE)

LH2 Tank Stop Pressure Control

Valve Energized

ASI Spark On

GG Spark On

Engine Ready

Helium Control Solenoid Energized

Ignition Phase Solenoid Energized

ASI LOX Valve Open

Main LH2 Valve Closed

Main LH2 Valve Open

ASI Ignition Detected

ASI Spark No. 2 OK

GG Spark No. i OK

DO

DO

PU

PU

DO

DO

DO

DO

PU

PU

PU

PU

PU

PU

DO

PU

PU

PU

DO

PU

PU

PU

PU

* T - time from simulated boost liftoff

21 February 1966

TIME

T -582.3

T -582.3

T -582.2

T -_82.2

T -292.4

T -287.0

T -94.6

T -0"

T +85.87

T +85.96

T +87.98

T +88.40

T +93.38

T +93.48

T +93.51

T +93.58

T +93.61

T +93.65

T +93.67

T +93.68

T +93.68

T +93.68

T +93.70

T +93.70

T +93.70

T +93.73

T +93.76

T +93.80

T +93.85

T +94.16

T +94.16
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TABLE 5-1 (Sheet 2 of 4)

TYPICAL S-IVB/IB BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

ASI Spark No. I OK

GG Spark No. 2 OK

Start Tank Discharge Valve

Control Solenoid Energized

Start Tank Discharge Valve Closed

Start Tank Discharge Valve Open

Start Tank Depressurized

Start Tank Pressurized

Mainstage Control Solenoid Energized

Start Tank Discharge Valve Control

Solenoid Energized

GG Valve Open

GG Valve Closed

LOX Turbine Bypass Valve Open

LOX Turbine Bypass Valve Closed

Mainstage OK

Mainstage OK Pressure Switch No. 2

Depressurized

Mainstage OK Pressure Switch No. i

Depressurized

Main LOX Valve Open

LOX Level, Position 12

ASI Spark On

GG Spark On

ASI Spark No. 2 OK

GG Spark No. i OK

ASI Spark No. i OK

GG Spark No. 2 OK

LH2 Liquid/Gas Differentiator 4

PU Activated

LOX Level, Position ii

LH2 Liquid/Gas Differentiator 5

PICKUP/

DROP-OUT

PU

PU

PU

DO

PU

PU

DO

PU

DO

PU

DO

DO

PU

PU

DO

DO

PU

DO

DO

DO

DO

DO

DO

DO

DO

PU

DO

DO

TIME

T +94.20

T +94.21

T +94.31

T +94.47

T +94.54

T +94.67

T +94.76

T +94.76

T +94.76

T +94.86

T +94.86

T +94.98

T +95.14

T +96.13

T +96.14

T +96.14

T +97.33

T +98.0

T +98.01

T +98.01

T +98.14

T +98.14

T +98.21

T +98.25

T +105.6

T +108.24

T +116.0

T +160.2
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TABLE 5-1 (Sheet 3 of 4)

TYPICAL S-IVB/IB BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

LOX

LH2

LOX

LH2

LOX

LH2

LOX

LH2

LOX

LH2

LOX

LH2

LOX

LOX

LH2

LOX

LOX

Level, Position i0

Liquid/Gas Differentlator 6

Level, Position 9

Liquid/Gas Differentiator 7

Level, Position 8

Liquid/Gas Differentiator 8

Level, Position 7

Liquid/Gas Differentiator 9

Level, Position 6

Liquid/Gas Differentiator l0

Level, Position 5

Liquid/Gas Differentiator Ii

Level, Position 4

Level, Position 3

Level, Position 2

Level, Position 2

Level, Position 1

GSE Cutoff Energized

Mainstage Control Solenoid Energized

ASI Ignition Detected

Engine Cutoff Energized (Vehicle)

Engine Cutoff On

Ignition Phase Solenoid Energized

Main LOX Valve Open

GG Valve Open

Main LOX Valve Closed

Mainstage OK

Mainstage OK Pressure Switch No. 2

Depressurlzed

Mainstage OK Pressure Switch No. 1

Depressurlzed

Main LH2 Valve Open

GG Valve Closed

PICKUP/

DROP-OUT

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

PU

DO

DO

PU

PU

DO

DO

DO

PU

DO

PU

PU

DO

PU

TIME

T +200.3

T +214.4

T +228.3

T +268.8

T +304.0

T +322.4

T +348.1

T +376.4

T +405.5

T +423.6

T +450.9

T +478.0

T +492.7

T +555,4

T +579.2

T +580.4

T +601.4

T +602.74

T +602.75

T +602.75

T +602.76

T +602.76

T +602.77

T +602.83

T +602.83

T +602.87

T +602.88

T +602.89

T +602.89

T +602.90

T +602.92
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a

TABLE 5-1 (Sheet 4 of 4)

TYPICAL S-IVB/IB BATTLESHIP FIRING SEQUENCE OF EVENTS

PICKUP/

FUNCTION DROP-OUT TIME

Main LH2 Valve Closed

LOX Pre-Valve Open

LH_2 Pre-Valve Open

LH2 Level, Position i

Helium Control Solenoid Energized

LH2 Pre-Valve Closed

LOX Pre-Valve Closed

LOX Turbine Bypass Valve Closed

LOX Turbine Bypass Valve Open

PU

DO

DO

DO

DO

PU

PU

DO

PU

T +603.07

T +60S.58

T +603.58

T +603.6

T +603.73

T +603.89

T +603.89

T +606.88

T +607.97
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TABLE 5-2 (Sheet i of 7)

TYPICAL S-IVB/V BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

FIRST BURN

LH2 Reclrcula=Ion Valve Closed

LH2 Recirculation Valve Open

LOX Recirculation Valve Closed

LOX Recirculation Valve Open

LH2 Chilldown Inverter Energized

LOX Chilldown Inverter Energized

Simulated Booster Liftoff

LOX Pre-Valve Open

LH2 Pre-Valve Open

LOX Chilldown Inverter Energized

LH2 Chilldown Inverter Energized

LOX Recirculation Valve Open

LH2 Recirculation Valve Open

LOX Recirculation Valve Closed

LH2 Recirculation Valve Closed

Start Command (GSE) On

Engine Start Mag-Latch On

ASI Spark On

GG Spark On

Helium Control Solenoid Energized

Ignition Phase Solenoid Energized

ASI LOX Valve Open

Main LH2 Valve Closed

Main LH2 Valve Open

ASI Ignition Detected

ASI Spark No. 2 OK

GG Spark No. 1 OK

ASI Spark No. 1 OK

GG Spark No. 2 OK

PICKUP/

DROP-OUT

DO

PU

DO

PU

PU

PU

PU

PU

DO

DO

DO

DO

PU

PU

PU

PU

PU

PU

PU

PU

PU

DO

PU

PU

PU

PU

PU

PU

TIME

T -144.7

T -144.2

T -144.1

T -144.0

T -137.0

T -131.0

T-0

T +533.79

T -534.03

T +539.04

T +539.04

T +539.18

T +539.20

T +539.24

T +539.28

T +539.30

T +539.30

T +539.31

T +539.31

T +539.32

T +539.33

T +539.36

T +539.40

T +539.43

T +539.45

T +539.79

T +539.79

T +5 39.82

T +539.84

T = Time from simulated booster liftoff
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TABLE 5-2 (Sheet 2 of 7)

TYPICAL S-IVB/V BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

LH2 Tank Step Press Cont. Valve

Energized

Start Tank Discharge Valve Cont. Sol.

Energized

Start Tank Discharge Valve Closed

Start Tank Discharge Valve Open

Start Tank Depressurized

Start Tank Pressurized

Start Tank Discharge Valve Cont. Sol.

Energized

Mainstage Control Solenoid Energized

GG Valve Open

GG Valve Closed

Start Tank Discharge Valve Closed

Main LOX Valve Closed

LOX Turbine Bypass Valve Open

Start Tank Discharge Valve Closed

LOX Turbine Bypass Valve Closed

Mainstage Press OK

ASI Spark No. 2 OK

Main LOX Valve Open

ASI Spark On

GG Spark On

GG Spark No. 1 OK

GG Spark No. 2 OK

ASI Spark No. I OK

Start Command (GSE) On

Start Tank Pressurized

Start Tank Depressurized

LH2/Gas Differentiator 3

PU Activated

PICKUP/

DROP-OUT

PU

PU

DO

PU

PU

DO

DO

PU

PU

DO

DO

DO

DO

PU

PU

PU

DO

PU

DO

DO

DO

DO

DO

DO

PU

DO

DO

PU

TIME

T +541.62

T +542.38

T +542.55

r +54_ 63

T +542.74

T +542.75

T +542.83

T +542.83

T +542.93

T +542.94

T +542.95

T +542.96

T +543.03

T +543.18

T +543.29

T +544.02

T +544.99

T +545.24

T +545.46

T +546.04

T +546.13

T +546.13

T +546..13

T +551.86

T +553.95

T +553.96

T +551.00

T +554.07
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TABLE5-2 (Sheet 3 of 7)
TYPICALS-IVB/V BATTLESHIPFIRINGSEQUENCEOFEVENTS

FUNCTION

LOXLevel, Position ii
LH2/GasDifferentiator 4

LH2/GasDifferentiator 5

LOXLevel, Position i0

LH2/GasDifferentiator 6

Engine Cutoff Energized (Vehicle)

GSECutoff Energized

Engine Cutoff On
PUActivated

Mainstage Control Solenoid Energized

ASI Ignition Detected

Engine Start Mag-Latch On

Ignition Phase Solenoid Energized

PICKUP/
DROP-OUT

DO
DO

DO

DO

DO

PU

PU

PU

DO

DO

DO

DO

DO

ASI LOXValve Open

GGValve Open

Main LOXValve Open

Mainstage Press OK

Main LH2 Valve Open
Main LOXValve Closed
GGValve Closed

Main LH2 Valve Closed

LOXTurbine Bypass Valve Open

LOXPre-Valve Open

LH2 Pre-Valve Open
LH2 Pre-Valve Closed

LOXPre-Valve Closed

J-2 Engine Ignition Buss (28 VDC)

LH2 Tank Vent Valve Open

LH2 Tank Vent Valve Closed

DO

DO

DO

DO

DO

PU
PU

PU

PU

DO

DO

PU

PU

DO

PU

DO

TIME

T +578.5

T +598.7
T +644.7

T +649.0

T +693.2

T +710.42

T +710.43

T.+710.43

T +710.43

T +710.44

T +710.44

T +710.44

T +710.48

T +710.52

T +710.54

T +710.55

T +710.59

T +710.60

T +710.62

T +710.64

T +710.78

T +711.01

T +711.25

T +711.27

T +711.59

T +7ZI.65

T +713.8

T +757.7

T +757.7
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TABLE 5-2 (Sheet 4 of 7)

TYPICAL S-IVB/V BATTLESHIP FIRING SEQUENCE OF EVENTS

Simulated Coast Period (From 1 to 3 Orbits)

FUNCTION

SECOND BURN

LH2 Recirculation Valve Closed

LOX Recirculation Valve Closed

LOX Recirculation Valve Open

LH2 Recirculation Valve Open

LH2 Chilldown Inverter Energized

LOX Chilldown Inverter Energized

Sequence Start

LOX Pre-Valve Closed

LH2 Pre-Valve Closed

LOX Pre-Valve Open

LH2 Pre-Valve Open

LOX Chilldown Inverter Energized

LH2 Chilldown Inverter Energized

LOX Recirculation Valve Open

LH2 Recirculation Valve Open

LOX Recirculation Valve Closed

LH2 Recirculation Valve Closed

Second Engine Burn On Command (GSE)

LH2 Tank Step Pressure Control Valve

Energized

Start Command On

Engine Start Mag-Latch On

ASI Spark On

GG Spark On

Helium Control Solenoid Energized

Ignition Phase Solenoid Energized

Engine Ready

PICKUP/

DROP-OUT

DO

DO

PU

PU

PU

PU

DO

DO

PU

PU

PU

PU

DO

DO

PU

PU

PU

PU

PU

PU

PU

PU

PU

PU

DO

TIME

TI -590.9

TI -590.4

TI -590.4

T I -590.4

TI -585.4

T I -578.6

TI -13.0

TI -8.96

TI -8.75

TI -6.55

T1 -6.30

TI -1.31

TI -1.31

T I -1.17

T I -1.14

T I -I.ii

T I -i.i0

T I -1.05

T I -1.04

T I -1.04

T I -1.04

T I -1.03

T 1 -1.03

TI -1.02

T I -i.01

T1 -I. 00

TI = Time from second burn engine start
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TABLE5-2 (Sheet 5 of 7)

TYPICAL S-IVB/V BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

ASI LOX Valve Closed

Main LH2 Valve Closed

Main LH2 Valve Open

ASI Ignition Detected

ASI Spark No. 2 OK

GG Spark No. I OK

ASI Spark No. i OK

GG Spark No. 2 OK

Second Burn Engine Start

Start Tank Discharge Valve Control Sol.

Energized

Start Tank Discharge Valve Closed

Start Tank Pressurized

Start Tank Depressurized

Mainstage Control Solenoid Energized

Start Tank Discharge Valve Cont. Sol.

Energized

GG Valve Closed

GG Valve Open

Main LOX Valve Closed

LOX Turbine Bypass Valve Open

Start Tank Discharge Valve Closed

LOX Turbine Bypass Valve Closed

Mainstage Pressure OK

ASI Spark No. 2 OK

Main LOX Valve Open

GG Spark No. 2 OK

GG Spark No. 2 OK

ASl Spark No. 1 OK

ASl Spark No. 2 OK

ASI Spark No. 2 OK

PICKUP/

DROP-OUT

PU

DO

PU

PU

PU

PU

PU

PU

PU

DO

DO

PU

PU

DO

DO

PU

DO

DO

PU

PU

PU

DO

PU

DO

PU

DO

PU

DO

TIME

T I -0.98

TI -0.95

TI -0.91

T1 -0.86

TI -0.64

TI -0.64

T1 -0.52

T I -0.50

T 1 -0

T 1 +3.07

TI +3.25

TI +3.46

TI +3.45

TI +3.52

TI +3.52

TI +3.62

T 1 +3.63

T I +3.65

TI +3.77

Ti +3.88

T I +3.98

T 1 +4.69

T1 +5.70

T 1 +5.89

T 1 +5.92

T1 +6.14

T1 +6.15

T1 +6.33

T1 +6.39
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TABLE5-2 (Sheet 6 of 7)
TYPICALS-IVB/V BATTLESHIPFIRINGSEQUENCEOFEVENTS

FUNCTION

ASI Spark No. 1 OK

GGSpark No. 2 OK

GGSpark On

ASI Spark On

GGSpark No. i OK

ASI Spark No. i OK
Start Tank Pressurized

Start Tank Depressurized
SecondEngine Burn On Command(GSE)On
PUActivated

LOXLevel, Position 8

LH2/GasDifferentiator 8

LOXLevel, Position 7
LH2/GasDifferentiator 9

LOXLevel, Position 6

LH2/GasDifferentiator i0

LOXLevel, Position 5

LH2/GasDifferentiator ll

LOXLevel, Position 4
LH2/GasDifferentiator 12

LOXLevel, Position 3

LOXLevel, Position 2

LOXLevel, Position 2
Observer Cutoff On

GSECutoff Energized

Engine Start Mag-Latch On

Engine Cutoff Energized (Vehicle)
PUActivated

Engine Cutoff On

Ignition Phase Solenoid Energized

ASI LOXValve Open

PICKUP/
DROP-OUT

PU

DO

DO

DO

DO

DO

PU

DO

DO

PU

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO

DO
DO

DO

PU

PU

DO

PU

DO

PU

DO

DO

TIME

TI +6.47

TI +6.57
TI +6.73

TI +6.73

TI +6.78

TI +6.80

T1 +ii. 55

T1 +ii. 56

T1 +14.01

T1 +14.71

T1 +32.0

T1 +43.0

T1 +70.5

T1 +96.0

T1 +127.8

T1 +144.3

T1 +172.0

T1 +196.1

T1 +212.0

T1 +246.2

T1 +271.0

T1 +297.2

T1 +297.2

T1 +318.84

T1 +318.85

T1 +318.85

T1 +318.85

T1 +318.85

T1 +318.85

T1 +318.87

T1 +318.92

21 February 1966

50 Table 5-2



Section 5

Sequence of Events

TABLE 5-2 (Sheet 7 of 7)

TYPICAL S-IVB/V BATTLESHIP FIRING SEQUENCE OF EVENTS

FUNCTION

Main LOX Valve Open

GG Valve OpQn

Main LH2 Valve Open

Main LOX Valve Closed

Mainstage Pressure OK

GG Valve Closed

Main LH2 Valve Closed

LOX Pre-Valve Open

LH2 Pre-Valve Closed

LOX Pre-Valve Closed

J_2 Engine Ignition Buss (28 VDC)

PICKUP/

DROP -OUT

DO

DO

DO

PU

DO

PU

PU

DO

PU

PU

DO

TIME

i ,

T 1 +318.95

T l +318.96

T1 +319.01

T 1 +319.03

T 1 +319.03

T 1 +319.05

T1 +319.18

T1 +319.66

T1 +319.98

T1 +320.05

T1 +323.2
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ENGINE SYSTEM

Three Rocketdyne J-2 engines, S/N J-2003, J-2013, and J-2020, were used

during the battleship test program (figure 6-1). Engine S/N J-2003 was used

through CD 614010, J-2013 engine for the subsequent S-IVB/IB tests, and

engine J-2020 for the S-IVB/V tests.

Procedures were d_velopad for cond_ion_ng and loading _ha ens_ne control

helium sphere and the turbine start tank and for chilling the thrust chamber

and the LOX and LH2 pumps. Satisfactory procedures were developed for start-

ing the engines, therefore, engine start, steady-state, and cutoff performance

characteristics were established.

The several tests conducted during this program are discussed in the

following paragraphs.

6.1 Engine Conditioning

6.1.1 Engine LOX and LH2 Pump Chilldown

A satisfactory engine pump chilldown procedure was developed so that at ESC,

the available NPSH at each of the pump inlets was within the start require-

ments (paragraphs 7.2 and 8.2).

6.1.2 Thrust Chamber Chilldown

The cryogenic propellants used in the S-IVB J-2 engine require that the engine

be conditioned to the low temperatures prior to engine start. This condition-

ing is necessary in order to prevent thermal shock and gasification of the

propellants with attendant start transient problems at engine ignition.

6.1.2.1 S-IVB/IB

During all the S-IVB/IB battleship firing tests, the T/C (thrust chamber)

chilldown was adequate to meet the Rocketdyne engine start requirement of

260 +_.50deg R for the T/C temperature C-0199 or C-0645 (tables 6-1 through

6-4). However, after CD 614007, this requirement was discovered to be

inadequate to guarantee a satisfactory engine start. During the engine start

transient of this countdown, an LH2 pump surge (figure 6-2) occurred which

appeared to have been caused by improper T/C conditions at engine start. A

review meeting of National Aeronautics and Space Administration, Marshall
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Space Flight Center, Rocketdyne Division, North American Aviation, and

Douglas Aircraft Company brought out that the Rocketdyne requirement was

based on data obtained from tests during which T/C chilldown was continued

until engine start. During the battleship tests (CD 614005, 614006, and

614007) the T/C chilldown was terminated at SLO (simulated liftoff), approxi-

mately 90 sec before ESC. During the meeting, it was decided that until

further investigation had been made, the duration of T/C chilldown would be

extended for subsequent tests. Therefore, the T/C chilldown during CD 614008,

614009, and 614010 was initiated at SLO -50 min and continued to SLO +i min,

leaving only 30 sec for warmup. The T/C chilldown parameters from the two

chilldown procedures are compared in figure 6-3. The LH2 pump performance

during the start transients of these firings was satisfactory as shown in

figure 6-2. Chilldown data for CD 614005 through 614009 are shown in

table 6-1. These data indicate that a 20-min chilldown duration was more

than sufficient to obtain a T/C temperature within the start requirement.

The data also show the effects on the T/C temperature of changes in cold

helium supply conditions due to control sphere loading, chilldown orifice

size, or propellant tank prepressurization. The effect of wind velocity is

also noticeable. The effects of helium supply and ambient conditions are

further illustrated in figures 6-4, 6-5, and 6-6 which present T/C chilldown

data from other battleship tests. The wind velocity was a significant and

erratic factor (figure 6-6) in the T/C conditioning during the testing

because the engine was unprotected. (During an actual launch the engine

would be covered by the aft interstage.) The effect of wind velocity was

demonstrated during CD 614007 which was identical to CD 614006 in all signifi-

cant respects except wind speed (figure 6-3). The greater warmup during

CD 614007 resulting from the 7.8 mph wind caused the LH2 pump surge, whereas

the 2 to 3 mph wind of CD 614006 produced no problems. During CD 614010 the

T/C temperature could not be sufficiently reduced to meet the start require-

ment, and the firing had to be postponed. The wind velocity on that day was

20 to 30 mph.

Special tests were conducted with engine J-2013 during CD 614014, 614017,

614018, and 614019. The object of this special program was to determine the

LH2 pump performance during depressurization of the engine start tank after

the various T/C chilldown tests.

56
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This program consisted of three phases, as outlined in Test Requests 1024,

1025, and 1026. Briefly the phases were as follows:

a. TR 1024

T/C chilldown tests during which the T/C temperature was reduced to

a specific level and engine sequence initiated at the temperature

level.

b. TR 1025

T/C chilldown tests during which the T/C temperature was reduced to

a specific level and engine sequence initiated after a preselected

hold time.

c. TR 1026

Turbopump and T/C chilldown tests during which the turbopump chilldown

(recirculation) time was varied while the T/C pressure and hold time

were not changed.

During these tests the engine was covered by an enclosure which was purged to

reduce the effect of environmental changes. The data are summarized in

tables 6-2 and 6-5. Pertinent data gathered during significant tests of this

series appear in figures 6-7 through 6-17. Figure 6-7 covers CD 614014;

significant tests of CD 614017 are represented by figures 6-8 through 6-11,

CD 614018 by figures 6-12 and 6-13, and CD 614019 by figures 6-14 through 6-17.

The data on the LH2 pump performance during these tests are shown in

figure 6-18.

The results of Phase I tests (figures 6-7, 6-8, and 6-12) indicated that the

start requirement of 260 _50 deg R for measurement C-0199 was adequate when

there was essentially no time lag between the termination of T/C chilldown and

the engine start sequence (figure 6-18). However, this requirement did not

appear to be a valid criterion when a hold time (warm up) was included before

engine start. This inadequacy is shown by the results of test A2 of

CD 614017 (figure 6-8) which included a 150 sec hold time. The temperature

of C-0199 at engine start was 300 deg R, which was within limits, but a pump

stall occurred during this test. However, during test H2 of CD 614018, the

engine went through an acceptable start transient although C-0199 indicated
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339 deg R at engine start (figure 6-18). The hold time for this test was

450 sec. The unsatisfactory results of tests D2 (CD 614017) and G2-3

(CD 614019) further demonstrated the inadequacy of the start criterion

(figure 6-19).

Since flight conditions include a time lag between the end of T/C chilldown

and engine start, an attempt was made to find another correlation between

the T/C temperatures and engine start. Analysis of the test data, indicated

that a correlation existed that was based on the average of the lower-tube

temperatures (C-0678 and C-0680). As shown in figure 6-20, the test data

indicated that, without exception, a successful start was obtained when the

average lower tube temperature was 360 deg R or less, based on an LH2 lead

of i sec, while a pump stall occurred when the temperature was higher.

Rocketdyne test results also agree with this correlation.

Engine firing was resumed after CD 614019. During the following S-IVB/IB

tests (CD 612020 through 612030) the approach to T/C chilldown was consist-

ently cautious with respect to warmup before ESC. The warmup was limited to

less than 30 sec as it was during CD 614008 through 6i4010. The duration of

T/C chilldown was shorter than it was during earlier tests and varied from

9 to 13 min. The allotted chilldown period was sufficient when the wind

velocity was less than approximately 15 mph.

During CD 614025 the wind velocity was 20 mph. In order to obtain sufficient

chilldown, during the countdown, the normally used helium supply orifice was

replaced by a larger one, thus allowing a larger flowrate. The data of the

special chiildown test prior to the terminal count showed that sufficient

chilldown could be obtained by the increased cold helium flow.

The LH2 pump performance during all these tests was satisfactory as shown

by the LH2 pump performance plots in figures 6-21 and 6-22. Chilldown data

are summarized in table 6-3.

Three tests incorporating aft interstage environmental control in combination

with sequenced operation of the T/C preconditioning system were conducted

during CD 614031 and 614032 (figure 6-23). The environmental system consisted

of a cylindrical bag-type enclosure of the same shape and volume as the aft

interstage. It was planned to condition this enclosure with 3,500 scfm of

GN2 introduced through the environmental manifold located near the umbilical
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outlet. The gas in the enclosure was to be vented through openings near the

simulated interstage bottom. At SLO, the GN2purge would be terminated.

During CD614031-1, several deviations occurred. After LOXloading the GN2

flow stopped because the GN2vaporizer malfunctioned. Consequently, the

pressure inside the bag decreased to ambient, and since the wind was blowing,

the bag started to collap_e. To keQp the bag undQr control the pur_Qwas
continued with air, and as a result, frost formed on the LOXtank aft dome,

the thrust cone structure, and other components. During CD614031-2, the

purge was also maintained after SLObecause of the wind condition. Because
of these deviations, the environmental tests were repeated for CD 614032,

but ambient helium was used for tank prepressurization instead of cold

helium.

The effects of the deviations in the environmental conditioning during

CD614031 are difficult to assess, but from the data of CD614031-2 and

614032, it appears that these effects did not cause any significant variations
in the results of the T/C conditioning. The rate of chilldown during

CD614032was approximately the sameas during CD614031-2, and the heatup

rate during the simulated boost period was the same (according to the T/C

temperature) or even lower (according to the lower tube temperature) during

CD614032which more closely simulated flight conditions.

The effect of using cold helium for prepressurization can be seen by comparing
the data of CD614031-2 with those of CD 614032. In CD614031-2 and 614032,

the gas heat exchanger cross-over valve, which connects the two sets of
helium coils in the heat exchanger, was open. Data of CD 614031-2 show the
adverse effect of an increase cold helium demandfor prepressurization on T/C

chilldown. Data of CD 614032 do not show any change in the T/C temperature

profile because ambient helium was used for prepressurization. In CD614031-1
the cross-over valve was closed; therefore, prepressurizacion had no effect.

Comparison of the data of the three tests shows that the chilldown rate was

somewhathigher during CD 614031-2 and 614032 than it was during CD 614031-1,

in which only four heat exchanger coils were employed (figure 6-23). The

helium supply orifice temperatures also indicate the difference.

Although the use of 12 heat exchanger coils enhanced the rate of T/C chilldown,

muchof this advantage over the four-coil operation appears to have been
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offset by the negative effect of prepressurization. At the end of chilldown,

the T/C and lower tube temperatures (C-0678 and C-0680) were somewhat lower

during CD 614031-2 as compared with CD 614031-1; but at engine ignition the

tube temperatures were practically the same and the T/C temperatures differed

by only i0 deg R. Since all these temperatures were well within the require-

ments for engine start, the difference in the operation of the T/C chilldown

system seems minor.

The results of this chilldown program (table 6-5) did not indicate that other

variables affected engine start. For instance, the time for engine pump

chilldown recirculation was varied from approximately 2.5 to 30 min but these

changes did not seem to affect the engine start of test D3 and G2-1 of

CD 614019 (table 6-2 and figure 6-18). The effect of engine start tank condi-

tions could not be established because these conditions were essentially

constant from test to test.

6.1.2.2 S-IVB/V

The S-IVB/V tests were conducted during CD 614033 through CD 614035 and

CD 614041 through CD 614044. The major differences, as compared to the

S-IVB/IB tests, were the longer boost period (540 sec vs 90 sec for S-IVB/IB)

and the longer LH2 lead times (3 sec vs i for S-IVB/IB). The longer LH2 lead

was included to compensate for warmup that will occur during the 9-min boost.

The chilldown was initiated at SLO -20 min. Termination time was determined

during the test on the basis of the prevailing wind conditions and prediction

curves for warmup as a function of wind velocity.

During this series of tests, the lower tube temperatures (C-0678 and C-0680)

were used as a criterion for T/C conditioning. The redline value was

460 deg R. During the final test (CD 614044) the average of the lower

temperatures exceeded the redline by approximately 30 deg and the T/C tempera-

ture (C-0199) exceeded its redline of 310 deg R by approximately 60 deg R, but

the LH2 pump performance was still satisfactory.

Figure 6-6 also presents C-0199 and lower tube temperature profiles for

CD 614044 in this series of tests. During several of the tests, wind speed

and direction readings at the test stand were collected at increments" of

1 min or less so that the specific effect of wind speed on T/C temperatures
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might be observed. This reveals an obvious and pronounced effect of

momentary wind speed variation on T/C temperatures. Specifically, tempera-

ture redlines were exceeded at ESC (CD 614044) because of the momentary

increase in wind speed after T/C chilldown termination and before ESC. The

warmup rate at the average wind speed during T/C chilldown would have

precluded the excessive temperature rise that occurred. Table 6-5 is a

aummary of countdowns in this ser_es.

The LH2 lead of several seconds during start sequence for both burns in

S-IVB/V tests is excellent conditioning for successful engine starts.

Figure 6-24 illustrates that a stall was not approached during tests under

such conditions.

6.2 Engine Start Tank and Control Sphere Conditioning

The engine start tank and control sphere are supplied and conditioned by the

GSE pneumatic systems. GH2 is supplied at 1,500 psia, cooled in the gas heat

exchanger, and delivered through console C to the engine start tank. The

control sphere helium is cooled in the heat exchanger and delivered through

console C at 3,000 psia.

6.2.1 S-IVB/IB

The objectives of the S-IVB/IB engine control sphere and start tank testing

were to develop procedures for conditioning the sphere and tank to demonstrate

that the required temperatures and pressures could be provided at ESC (Engine

Start Command).

The engine start requirements for the engine start tank and control sphere

were as follows:

Start Tank

Control Sphere

Pressure (psia)

1,250 +--50

1,800 to 3,000

Temperature (deg R)

210 +50

210 +50

Prior to the initiation of start tank chilldown, the control sphere was

pressurized to approximately 1,000 psia to prevent it from collapsing as it

was cooled down by the temperature decrease in the start tank. The engine

start tank loading (figure 6-25) was accomplished by flowing cold GH2 through
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the tank and out the vent valve until the required temperature was reached.

At this time, the vent valve was closed and the tank was pressurized.

During the testing of the J-2003 engine (CD 614005 through CD614010), the

engine start tank chilldown was initiated at SLO-16 min and continued until

loading was initiated at SLO-5.5 min. The control sphere was loaded

(pressurized to 3,000 psia) at SLO-9 min. The start tank requirements were

met during all tests, although venting the sphere and tank in the period
between the end of fill and ESCwas usually required to attain proper

pressure. The loading procedure was changed during the J-2013 engine tests

(CD 614020 to CD 614030). Prior to CD614025 the start tank chilldown was
initiated at SLO-17.5 min and continued until SLO-4 min when start tank

loading was initiated. The contro_ sphere was pressurized to 1,000 psia

prior to the initiation of start tank chilldown, and loading was completed

at SLO-4.5 min. Starting with CD614025, the chilldown procedure was altered

to avoid the necessity of venting the sphere and tank. This was accomplished

by reducing the supply pressures and extending the start tank chilldown

period an additional 2 min until SLO-2 min. The control sphere was pres-

surized to 3,000 psia before the initiation of start tank chilldown.

The engine start tank and control sphere configurations used with the J-2013

engine differed from those used with the J-2003 engine in that the control
sphere vent was located within the engine pneumatic package. As shown in

figure 6-25, this vent was located at the inlet to the pneumatic package on

the J-2003 engine. This change in vent location resulted in a reduction of
the control sphere flow during chilldown venting. Table 6-6 is a summaryof

the test results shownin figures 6-26, 6-27, and 6-28. Items shown in

table 6-6 that are of particular interest include: (i) the degree of compli-

ance with required temperatures and pressures at ESC, (2) the temperature

and pressure changesdue to warmupand venting between end of fill and ESC,

and (3) gas consumption during start and cutoff transients.

Differences in sphere temperatures and pressures both before and after fill
are due to variations in GSEgas heat exchanger performance, heat transfer

between control sphere and start tank, and chilldown duration and sequence.

Warmuprates for the start tank during the hold period between fill and ESCwere

found to be approximately 3 deg/min as shownby the data presented in the

following table:
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! Warmup Rate

Countdown i Time (see) SLO (deg R) (deg/min)
T

I

614025 i 3.12

614030

150

150

208 to 216

218 to 230 4.04

Compliance with Rocketdyne-specified requirements for start tank and control

sphere _empera_rea _n_ _rQOm_em 8_ _SG w&a Bu_Qia_lly damonm_ad

throughout the battleship test program. This is shown by a comparison of

the Rocketdyne requirements with lines 6 and ii of table 6-6. The GSE supply

system for preconditioning and filling the start tank and control sphere was

proved to be acceptable during the test program. Typical GSE performance

data, such as GH2 supply orifice and heat exchanger temperatures and pres-

sures are shown in figures 6-29 and 6-30. Start tank and control sphere

loading was acceptable. Table 6-6 shows that the start tank GH2 mass at

ESC varied from 4.04 to 5.19 ibm. Line 18 of the table shows that start tank

usage during the engine start sequence was 3.13 to 4.12 ibm of GH2. Start

tank temperature differential during depressurization at engine start

averaged 60 deg R.

The mass consumed from the control sphere during propellant valve operation

at ESC and ECO is shown on lines 18 and 19 of the table. Values ranged from

0.03 to 0.23 ibm of helium. Because of data inaccuracy, the calculated

consumptions should be considered as approximate.

6.2.2 S-lVB/V

The objective of The S-IVB/V tests was to obtain the required pressures and

temperatures in the engine start tank and control sphere at engine start for

both first and second burn. These start requirements (figure 6-31) were met

for both burns during the three S-IVB/V countdowns that were evaluated.

The chilldown procedure was the same for all three tests evaluated (CD 614034,

CD 614043, and CD 614044). Chilldown was started at ESC -34 min and continued

until ESC -20 min. The control sphere was pressurized to 3,000 psia at

ESC -33.5 min. Both the start tank and control sphere were chilled by flowing

cold GH2 through the start tank. The supply was regulated to 940 to 980 psia

for these tests, which resulted in a chilldown flowrate of 3 ibm/sec. At the

end of the 14-min chilldowns, the start tank temperatures ranged from 109 to
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122 deg R for the three tests. When chilldown was terminated, the start tank

temperature was still decreasing, indicating that a lower temperature would

have been obtained if chilldown had been continued.

Chilldown was terminated and start tank fill was initiated at ESC -20 min by

closing the start tank vent valve. The start tank was filled in approximately

15 min to a pressure that was 350 psi less than that desired at ESC to allow

the pressure =o increase to the start requirement by ambient warmup of the

GH2 (figures 6-32 and 6-33). This procedure was followed in an attempt to

avoid venting the start tank prior to ESC. However, venting was necessary as

the temperature at the end of fill was lower than predicted because of the

low GSE supply temperature (figure 6-34). The temperature rise after fill

(2.7 deg R/min) agreed with that predicted, but the percentage of temperature

change was larger and resulted in a pressure increase that was greater than

expected.

At ESC, the start tank was reduced to 200 psia. Recharging of the tank

began immediately after blowdown. At first burn engine cutoff, the start

tank had been recharged to 1,195 to 1,330 psia or to 6.4 to 7.5 ibm

(table 6-7) which was more than sufficient for second burn engine start.

During the simulated coast period, the start tank temperature increased with

time due to heat input. The pressure was maintained relatively constant

during this time by continuously venting the tank. At the time of second

burn engine start, the mass in the start tank had been decreased to 3.9 to

4.6 ibm.

The start tank pressure and temperature (figure 6-35) were well within the

restart requirements. Second burn engine start depleted the tank to 215 to

245 psia. During second burn, the start tank was again recharged to 5.2 to

5.5 ibm. The mass recharged during second burn was less than first burn

because of the higher temperature during second burn.

The control sphere conditions were within the start requiremen9 for both

first and second burn for all three countdowns (figures 6-34 and 6-35).

During start tank chilidown the control sphere was also being chilled. The

control sphere temperature was considerably higher than the start tank

temperature, but was decreasing at a faster rate and the temperatures were

converging. At the end of chilldown, the control sphere temperature was
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175 to 185 deg R which was 65 deg warmer than the start tank. After the

start tank was filled, its temperature increased while the control sphere

temperature continued to decrease, steadied out, and then started increasing

slightly. The sphere temperatures continued to converge until, at ESC -7 min,

they were the same. From then until engine start, both the sphere and tank

heated up at the same _a_e.

During these S-IVB/V battleship tests, the average helium consumption from

the control sphere was 0.32 Ibm during engine start and 0.06 ibm during

engine cutoff. Data from these tests are summarized in table 6-7.

6.3 Engine Performance

Six countdowns, 614023, 614025, 614028, 614030, 614043, and 614044 formed

the basis of analysis of the J-2 engine performance during the S-IVB

battleship test program. These tests were selected because they most clearly

demonstrated the battleship engine performance program test objectives'. The

first four tests were performed on the S-IVB/IB configuration and utilized

engine S/N J-2013, while the latter two tests were performed on the S-IVB/V

configuration and utilized engine J-2020.

The test objectives of the S-IVB battleship program for the engine were

as follows:

a. Establish the engine circulation chilldown procedure and evaluate

the operation of the chilldown system

b. Determine flow and pressure characteristics in the low pressure

propellant ducts

c. Determine engine thrust buildup, rated operation, and shutdown

characteristics

d. Evaluate engine start and mainstage firing under simulated

orbital conditions

e. Evaluate LOX depletion cutoff

f. Determine the cryogenic calibration of the PU system by the

propellant "flow integral" method.

All of these objectives were met satisfactorily before the conclusion of the

battleship program.
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6.3.1 Engine Analysis

The engine performance was analyzed by reconstructing the various tests from

Engine Start Command to cutoff. The engine performance level in the form of

"Tag Values" and other pertinent coefficients, as well as the engine

acceptance data, were provided by Rocketdyne in the engine log book. Several

computer programs were developed which utilized the log book relationships

to convert measured data into performance values. The AA89 program was the

most advanced of these at the time of the battleship tests; therefore, the

majority of the reconstruction of each test was performed by this program.

Future analyses will employ statistical averages of the reconstructions of

all available programs. Such a technique of relating the engine and stage

performance will be the basis of the "flow integral" method of cryogenic

calibration of the propeilant tanks. Sophistication of this technique was

developed during these tests.

6.3.1.1 Start Transients

A computer program, F839, which was used to analyze start and cutoff transients

for the S-IV stages, was modified for the S-IVB stage. The start impulse

(I start) was determined from the equation

T 2

f F = A P

Istart = TIy t c
Cf

WHERE T 1 = Time of Engine Start Command

T2 = Time 90 percent thrust was reached

F = Thrust

A t = Thrust Chamber Throat Area

P = Thrust Chamber Combustion Pressure
c

Cf = Thrust Coefficient

Cf as a function of chamber pressure was determined during the battleship

program from flowmeter data. A plot of the relationship is shown in

figure 6-36. This function was used for the transient portions of the tests.
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Figure 6-37 shows the chamber pressure start transient for the four tests of

the S-IVB/IB system. As can be seen, all starts are practically identical

in shape with the exception of that for CD 614023, which as shown in the data

and the table below had a lower P (thrust chamber pressure) rise rate during
C

the final portion of the approach to mainstage.

The 90 percent of steady-sta=e level for =he engine opera=ion was defined

as a P level of 618 psia.
C

The time from Engine Start Command to the time of 90 percent steady-state

(T2 - TI) , the start impulse, and the time from the first chamber pressure

rise to T2 are as follows:

Time

T1 to T2 (sec)

Impulse (ibf-sec)

Rise Time (sec)

CD 614023

3.22

I
1

i 202,176

I 2.22

CD 614025

2.96

133,710

1.75

CD 614028

2.95

133,026

1.77

CD 614030

2.90

138,150

1.75

CD 614043 and CD 614044 were conducted under simulated orbital conditions.

The test included a simulated S-IVB/V boost phase, a first burn of the S-IVB/V,

simulated orbital coast period, and a second S-IVB/V burn. The second burn

of CD 614043 and CD 614044 occurred after simulated three-orbit and one-orbit

coast periods. Figure 6-38 shows the chamber pressure start transients of

CD 614044. An analysis was made of the available data with the following

results:

Time

T1 to T 2 !

(sec)

Impulse

(Ibf-sec from

T 1 to T2)

Time from first

pressure rise to

90% thrust (sec)

CD 614043

1st Burn

5.22

2nd Burn

6.26

141,295 141,305

1.61 1.62

CD 614044

ist Burn

5.22

141,280

1.6

2nd Burn

6.38

141,292

1.63
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The first burn (T! to T2) was longer on the S-IVB/V tests because an
additional 375-sec hold was inserted after SLOto account for the S-II stage

burn time. The second burn (Ti to T2) was longer because of the hold
simulating orbital conditions. However, the times from the initial pressure

rise to 90 percent chamberpressure on all transients comparevery well.

There was no measurable _mpulseprior to the initial pressure rise on the
S-IVB/IB tests, whereas the long hydrogen leads for chilldown purposes on

the S-IVB/V tests contributed an average 2,000 ib-sec additional start
impulse.

As expected, considerable sideloading occurred during the start transients

(figure 6-39); therefore, when stable operation was reached (approximately
ESC+12 sec), restraining arms were used to restrict the entire motion until

the sideloads ceased. The battleship program demonstrated that the engine

start characteristics were not adversely affected by any S-IVB operating
conditions.

6.3.1.2 Steady-State Operation

The battleship tests were conducted under a range of conditions simulating

the probable conditions that might occur for the flight. The J-2 engine

operated satisfactorily during all tests. Two tests (CD 614023 and CD 614028)

were conducted with an overload of LOX to cause a positive PU valve excursion

during the initial portion of the test. One test (CD 614025) was conducted

with an overload of LH2 to cause a negative PU valve excursion during the

initial portion of the test. A nominal loading was attempted for one

S-IVB/IB test (CD 614030) and for both S-IVB/V tests. The loading values for

the six tests were as follows:

S-lVB/iB S-lVB/V

Nominal 614043 614044 Nominal
Countdown!614023 614025 614028 614030 Load Load

[

LOX (ibm) 189,800 184,115 192,556 187,650 188,053 195,768 193,2001193,227

LH2 (Ibm) 36,980 39,125 38,180 38,487 38,469 44,917 42,800 42,793

The S-IVB/V values included an excess 3,250 ibm LH2 which was to be boiled

off during a three-orbit simulated coast period. The LOX boiloff during

this same period was predicted to be 375 ibm and was included in the load.
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The PUsystem was biased so that there would be no reaction to the excess

propellants. The boiloff bias was removedafter the first burn.

The normal open loop operation time (PU system not active) is 6 see, but the

time was extended because of the uncertainty of the first movementof the PU

valve and subsequent uncertainty of the initial mixture ratio. Rocketdyne
data indicate that a low mixture _atio in_reases the _de _oads d_ring the
start transient. A condition was established whereby the test would be

terminated if the side loads did not subside below 3,000 ibf within i0 sec

of ESC. In order that a normal subsidence be assured, the PUsystem was

not activated until well after the limiting side load conditions had been

met. The times from Engine Start Commandto PUactivate for the six tests

discussed here are as follows:

CD614023

CD 614025

CD614028

CD614030

CD614043
(ist Burn)
(2nd Burn)

CD614044
(ist Burn)
(2nd Burn)

15.002 sec

14.569 sec

15.162 sec

13.839 sec

14.7 sec
15.75 sec

14.679 sec
15.82 sec

The S-IVB battleship tests demonstrated that there was no problem and all

subsequent tests had or will have the normal open loop time.

Whenthe PUsystem was activated, almost identical performance response
was noted for CD 614023 and CD614028. Typical performance data are presented

in figure 6-40. In both instances the PUvalve went to the stop in the LOX

rich position which was approximately +30 deg. The valve remained in this
position until the condition of LOXoverload was eliminated. During this

period the average engine performance was as follows:

21 February 1966

69



Section 6
Engine System

Thrust (ibf)

Wt (ibm/sec)

Isp (sec)

EMR

CD614023 CD614028

227,970

540.88

421.48

5.643

227,790

540.4

421.52

5.640

In CD 614025 (figure 6-41) the performance response was opposite in direction

but approximately equal in amount at PU activate, as comparedto CD614023

and CD 614028. The PUvalve went to the stop in the low mixture ratio

position and remained there until the LH2 overload condition was eliminated.

During this period, engine performance was as follows:

Thrust (ibf)

Wt (ibm/see)

Isp (sec)

E_

172,610

411.1

427.17

4.56

A near nominal loading was achieved for CD614030. It was predicted that

normal operation for a nominal load would be a short low-mixture ratio

excursion by the PUvalve. The validity of this prediction can be seen in

figure 6-42, which shows that the PUvaive and engine performed as predicted.

Performance during the period of correction for initial mass error was as
follows:

Thrust (ibf)

Wt (ibm/sec)

Isp (sec)

EMR

172,800

399.43

432.61

4.40

A performance comparison of open loop operation to the steady-state conditions

during closed loop operation prior to PU cutback for the tests showed the

following:
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Thrust (ibf)

Wt (ibm/sec)

Isp (sec)

_MR

CD614023 CD 614025 CD 614028 CD614030

+24,660.6

+63.17

-4.12

÷0.539

-27,565

-65.239

+0.635

-0.509

+25,231

+64.705

-4.297

_0.556

-30,512

-78,309

+7.038 i

-0.707 i

The evaluation of CD 614025 revealed a discrepancy in the influence coeffi-

cients. The positive specific impulse change as a function of the negative

EMIl change was not in agreement with the engine log values or the manu-

facturer's acceptance test. The necessary corrections were made as can be

seen in the values for CD 614030.

Study of the available data indicates near-nominal operation of the PU system

during both "burns" of CD 614043 which simulated a three-orbit coast period.

The values given for loaded propellants on this test were PU indicated values

with no flow integral verification. There was nothing during either burn to

indicate anything other than normal engine system performance.

The performance was also quite normal for the first burn of CD 614044. The

PU system indicated near nominal loads for a one-orbit coast simulation.

Near the end of the coast period, an attempt was made to adjust the LOX load

to the desired 126,000 Ibm for start of second burn; 2,000 Ibm LOX were

mistakingly dumped causing a very large equivalent LH2 overload. At PU

activate, the PU valve traveled to the stop in the LH2 rich position and

remained there for the duration of the test. The performance of the engine

responded accordingly giving low EMIl (4.631), low thrust (185,500 Ibf) and

high specific impulse (428.2 sec). The chamber pressure, which is a good

indication of the engine performance, is shown for bo=h burns of CD 614044

in figure 6-43.

The flight function of the S-IVB/V vehicle is very precise-and delicate. An

exact evaluation of ground test and correlation to a flight vehicle would at

best be difficult. The data available for the battleship tests were not

conducive to this type analysis. A quantitative system evaluation was

considered satisfactory for the battleship tests and demonstrated the stage

capability of responding Eo a given command.
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6.3.1.3 Cutoff Transients

A depletion test involving either propellant, in the sense that the tank

was empty at cutoff, was not possible with the J-2 engine. Cutoff on all

the tests discussed herein was initiated manually either when LH2 pump NPSH

was below the specified minimum or the LOX volume reached the 1 percent level

in the tank. Either of these conditions was defined as depletion. Evaluation

of engine performance at these conditions showed that the transients were

normal and consistent with the manufacturer's acceptance tests. Typical

cutoff transients of the thrust chamber pressure are shown in figure 6-44.

The perturbations seen at the end of the engine thrust chamber decay

period do not represent a detriment to the performance. The perturbations

were also noted on the manufacturer's data. Analysis of the cutoff

transient was aided by the F839 computer program. Cutoff impulse was

determined to 5 percent of the chamber pressure value at the cutoff signal.

Cutoff transient values are shown in the following table.

CD 614023 i614025 i614028!614030

0.663 0.670i 0.630
1

351,945 38,159 32,868
l

614043
I

!st Burn!2nd Burn

! 0.910 0.85

i55,200 i53,960
i i

614044

ist Burn

0.829

52,010

2nd Burn

0.890

55,141

*Time from cutoff command to 5% thrust (sec)

**Cutoff impulse from cutoff command to 5% thrust (ibf-sec)

The data problems noted in paragraph 6.3.1.1 handicapped the cutoff analysis

also. Definitions which would eliminate factors contributing to the wide

range of values had not been made at the time of this report. The analysis

is expected to be satisfactory for the production tests.

6.3.2 Gas Generator Performance

With one exception (CD 614005), there were no failures directly attributable

to the gas generator.

The gas generator failure on CD 614005 occurred just after mainstage signal.

There was an extremely sharp pressure rise in the gas generator combustor

and the LH2 injector manifold. A similar rise in pressure was noted at
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the gas generator LOXpoppet valve immediately thereafter. The LOX

poppet valve was destroyed, the number2 spark plug was blown from its

threaded shell, and the LOXinjector sense line was burned through and

partially consumed. The LOXpoppet was blown through the LH2 turbine

inlet manifold, coming to rest in the start tank discharge line. Two

turbine b_adQsin th_ L_2 turbine w_r_ _Qs_royQd.

The data indicated that failure occurred as a result of overcooling of the

gas generator during recirculation chilldown. Corrective measureshave

been taken to insure that overcooling does not recur. Four tests were

selected as representative of the battleship test program: CD 614010,

CD 614025, CD614030, and CD614043. Typical data from these tests

(figures 6-45 and 6-46) indicate that the gas generator operated normally

during engine operation. In all cases, the gas generator exhaust gas

temperature remained within desired operating limits and did not exceed

the following redline temperature values. The gas generator exhaust gas

temperatures were above 710 deg R within 0.5 sec after mainstage control

signal. The maximumtemperature limits of 2,460 deg R between 0.5 and

3.5 sec after mainstage control signal, and 1,910 deg R for the remainder

of the test, were not exceeded.

A method of obtaining the gas generator propellant flowrates as a function

of time was supplied by the engine manufacturer and used in calculating
all mass flowrate data.

The exhaust gas temperatures, pressures, and propellant mass flowrates all
passed through a transient period which approached steady-state operation

within 5 sec of engine start. The steady-state values vary slightly, but

were close to the meanvalues listed by the engine manufacturer.
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Section 7

Oxidizer System

e OXIDIZER SYSTEM

The battleship program of the oxidizer system covered developmental testing

of the LOX tank pressurization system, the LOX chilldown recirculation

system, and the engine LOX supply, all of which demonstrated a satisfactory

performance during the course of the testing. Several pressurization

system test configurations were utilised due to problems with components

availability and inadequate original design before the final configuration

was settled upon. The chtlldo_m and supply systems operated satisfactorily

at all times.

7.1 LOX Tank Pressurization Systems

The LOX tank pressurization system produced satisfactory operating results

in prepressurizing the LOX tank ullage and maintaining pressure during

engine firing, although several configurations and a minor redesign were

tried before acceptable results were attained with operational hardware.

7.1.1 Configuration Deviation

The configuration of the LOX tank pressurization system was changed several

times during battleship testing. The system was origlnally designed as a

cold gas system (figure 7-i), but could not be tested until CD 614024

because the flight pressurization control module was not available. There-

fore, during the first battleship tests (CD 614000 through 614009), the LOX

tank was pressurized with ambient helium from the GSE supply through an

auxiliary system (figure 7-2). Prepressurlzation with cold helium was

accomplished by installing a valve replacing the module in the flight

pressurization system (figure 7-3). A "breadboard" LOX tank pressurization

control assembly (figure 7-2) was installed prior to the 415-sec firing test

on the J-2003 engine (CD 614010). The "breadboard" system was schematlcally

the same as the cold gas flight pressurization system except for the two

orifices replacing the regulator. (It should be noted that in some tests

one or two regulators were used instead of the orifices.)

The originally designed flight pregsurizatlon system (figure 7-1) was tested

during CD 614024, 614025, and 614028. Thl8 configuration was changed prior

to CD 614030 because it could not maintain minimum LOX tank ullage pressure

21 February 1966
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(37 psla) during the start transient unless the flow-controlllng orifices

were oversized. The original and the redesigned flight pressurization

systems are referred to as cold gas and hot gas systems, respectively, to

indicate the principle factor in design change. In the hot gas system

(figure 7-1) the orifices contro11ing the flow through the J-2 heat ex-

changer are located downstream of the exchanger as opposed to the upstream

location in the cold gas system. The effect of this changa could not be

observed on the S-IVB/IB configuration because the regulator failed during

the inltlal phase of the last firing of this configuration (CD 614030).

However, as indicated by the S-IVB/V configuration tests, the change pro-

duced a satisfactory improvement in the pressurization system start

transient response.

Aside from the start transient problems, the LOX pressurization system

functioned adequately in maintaining the tank ullage pressure within design

limits of 37 to 40 psla throughout the engine firing in all battleship

tests. However, the cold helium regulator used in these tests was designed

to maintain plenum chamber pressure at 385 _25 psi g. Its performance record

was poor (table 7-1) and further testing on the S-IVB-202 stage indicated

that the probable cause was an inlet temperature higher than that for

which the regulator was designed. However, its operation did not adversely

affect system performance, and no changes are contemplated.

7.1.2 S-IVB/IB

7.1.2.1 Prepressurization

The prepressurization system proved to be completely satisfactory. In

general, the LOX tank was prepressurlzed with cold helium from the GSE

supply through the gas heat exchanger and console B to the tank (figure 7-3);

however, for some tests (CD 614010, 614023, and 614025) this procedure was

modified. Ambient helium from the GSE was supplied through the auxiliary

system for CD 614010 and 614023 because the "breadboard" assembly could not

lock up the cold helium regulator during ground prepressurlzatlon.

During CD 614025, the LOX tank was prepressurlzed with helium from the cold

helium spheres. This was part of the pressurization system conditioning

procedure that was attempted in order to reduce the effect of start

132
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transients on tank ullage pressures (paragraph7.1.2.2).

Prepressurlzatlon data indicate (figure 7-4 and table 7-2) that the ullage

temperatures were consistently at 163 deg R at the start o£ prepressurlzatlon.

The ullage pressure prior to prepressurization was 15.3 to 15.5 psia in

CD 614008, 614009, and 614010 and 14.9 in subsequent tests. The difference

was the result of replacing the original ullage pressure transducer with

another model. The LOX saturation pressure at 163 deg R was 15.2 pals,

falling between the two sets of ullage pressure data.

The LOX tank prepressurization was initially approximately 3 min prior to

simulated liftoff and, depending on ullage volume and the method used for

prepressurization, required from 10 to 55 see. Prepressurization was

terminated by the prepressurization control pressure switch or by manual

control when the pressure reached 36 to 41 psia and was followed by a

decrease in tank ullage pressure because of cooling of the ullage gas.

Several makeup cycles were usually required before the ullage conditions

stabilized. The ullage temperature increased during prepressurization to

248 to 330 deg R because the helium entering the LOX tank was near ambient

temperature due to heat transfer in the lines. The temperature then de-

creased to 245 to 278 deg R at Engine Start Command.

7.1.2.2 Pressurization

LOX tank pressurization data obtained during the battleship tests are

summarized in table 7-i. As shown, the ullage pressure at engine start

varied from 37.1 to 39.4 psla, thus was within the design range of 38.5

+._1.5 psla.

In general, the LOX pressurization system, in its various configurations,

maintained the ullage pressure within the design range of 37 to 40 psla

throughout all engine firings. Notable exceptions were the ullage pressure

decreases during the systemts start transients during CD 614024, 614025,

614028, and 614030; the pressure increases during CD 614010 and 614023; and

the pressure decay near the end of engine firing during CD 614025

(figure 7-5). The latter was the result of underslzlng of the flow con-

trolling orifices. These orifices were sized for a helium flow at 40 deg R,

but the actual steady-state temperature at the orifices varied between 50

21 February 1966
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to 60 deg R due to heat transfer in the llne between the cold helium spheres

and the LOX tank pressurization control module (paragraph 7.1.1). Heat

transfer in this llne also reduced the helium flowrate in the cold gas

system during its start translentD thus causing a decrease of ullage pressure

during this period. A good illustration of the heat transfer is shown by

the LOX pressurization module outlet temperature (figure 7-10). Approxi-

mately 25 to 35 sec of flow were required before this temperature decreased

to 80_deg R. During CD 614028, to compensate for the initial heating of

the helium flow, the pressurization lines were pre-chilled by venting

helium from the cold helium spheres out through the cold helium module vent

valve at simulated liftoff. However, the effect of this line chilldown

could not be determined because the.regulator failed during the start

transient period. As mentioned in paragraph 7.1.1, the system was

subsequently redesigned to reduce the effect of initial high temperatures

on the flowrate. During the first test with the hot gas system (CD 614030),

the regulator failed again. As this test was the last firing in the

S-IVB/IB test series, the hot gas system performance could not be fully

evaluated until S-IVB/V test data became available (paragraph 7.1.3).

The start transient did not occur during tests in which the "breadboard"

system was employed. In this system, two parallel orifices replaced the

regulator. Since the orifices were sized to slmulate a regulator failing

in the fully open position, the system operated in a bang-bang mode, and

the plenum chamber pressure data of CD 614023 (figure 7-9) indicate that

the average value was approximately 550 psla. This is considerably higher

than the value (400 psla) which was used for flow control orifice sizing.

The higher pressure, therefore, compensated for the temperature effect on

the flowrate.

The tank ullage pressure increased over its maximum operating llmlt of 40

psla in CD 614010 and 014023. Because the "breadboard" system was employed,

when one (or both) of the shutoff valves failed open, the helium flowrate

increased excesslvely, causing the ullage pressure to rise. During

CD 614010, the tank ullage pressure increased to the vent relief setting

in approximately 3 sec. As shown in table 7-1, the ullage pressure reached

a maximum of 45.6 psla, which is above the upper relief setting. It
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appears that the relief valve could not immediately handle the large flow

increase. The shutoff valve failure occurred at ESC +25 sec. The ullage

volume was still small and the cold helium sphere pressure wasstill high.

Durin 8 CD 614023 the failure occurred at ESC +165 see, and the ullage

pressure again increased to the vent relief setting, but at a slower rate.

The relief setting of 43.6 psia was reached in 27 sec.

The LOX tank ullage temperature stratification is shown in table 7-1 and

figure 7-6 which indicates that the ullage temperature profile is quite

consistent.

The temperature data from the vent inlet to the LOX tank are shown in

figure 7-12• The data, in conjunction with the pressure and the effective

area of the inlet, were used to estimate prepressurlzatlon flowrates as

other means were not readily available (paragraph 7.1.2.1). The hellum

inlet temperature was also compared with the theoretical mixture temperature

of the helium flow through the heat exchanger and its bypass• Good agree-

ment was obtained during steady-state operations, but 30 to 50 sec were

required after a change from overcontrol to undercontrol and vice versa

before reasonable agreement was obtained.

The diffuser inlet temperature cycles were similar to those of the vent

inlet temperature. The heat lost by the helium gas to the LOX bulk was

greater during overcontrol than undercontrol and decreased as the liquid

level dropped•

The calculated collapse factors (figure 7-7) were sllghtly lower than ex-

pected (1.5 to 1•6) for the battleship firings•

The collapse factor was calculated from the following equation:

ZWAtTR

CF =
P V 144 t

W = total pressurant flowrate (Ib/sec) .

At = time increment (sec)

T = temperature of gas entering the LOX tank (deg R)

P = ullage pressure (psia)
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- volumetric rate of change of ullage volume (ft3/sec)

ft - llb
R - gas constant of pressurant lbm- R

t - time from ESC (sec)

Note that ehis collapse factor definition uses the diffuser inlet temperature

instead of the control orifice temperature used in the S-IV collapse factor

definition.

7.1.2.3 LOX Tank Pressurization Control Module

The LOX tank pressurization control module performed adequately during the

S-IVB/IB testing, although some regulator anomalies were encountered. All

problems and deviations from predictions were satisfactorily explained.

Figure 7-10 shows the history of the control module outlet temperature

during engine firing. The effect of this temperature transient on the

helium flowrate was noted earlier. During steady-state operation, the

module outlet temperature was 15 to 20 deg R higher than that of the cold

helium sphere because of line heat transfer. A comparison of the observed

temperature differences with predicted values is shown in figure 7-14.

The actual and predicted temperature changes in the llne agree in trend,

but actual heating was greater than predicted in all cases. The data

indicate that better agreement would have been obtained if predicted values

had been 20 percent higher. However, agreement was still within the ac-

curacy limits of the generalized empirical correlations used in prediction

and of the uncertainty in instantaneous wind velocity near the helium lines.

The scattering of the data was probably partly caused by wind velocity

fluctuations.

The module pressure, measured at the plenum chamber, was approximately 400

psia (as required) most of the time during firing tests in which the module

was available (figure 7-5). However, during CD 614028 and 614030, the module

pressure decreased sharply immediately after its initial rise at ESC, indi-

cating a regulator failure. The module was returned to Calmec after battle-

ship testing. Examination showed that the ring gaps on the regulator

piston had llned up, allowing leakage into the regulator pilot area. This

leakage upset the pressure forces necessary to open the regulator and caused
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the failure. Later in the firing, the helium gas in the regulator stabilized

at cold temperatures, allowing the existing bleed ports to remove the ex-

cessive leakage so that the regulator could open and operate normally.

Table 7-3 presents the data on the module orifices used in the various tests.

The helium flowrates are shown in table 7-1 and figures 7-8 and 7-10. As

noted earlier, (paragraph 7.1.2.2) the orifice sizes were increased after

the test results of CD 614025 showed that, although the pressurization system

had almost continuously operated in the overcontrol mode, the ullage pressure

could not be maintained above the minimum limit of 37 psia toward the end of

firing. Satisfactory results were obtained with the larger orifices.

7.1.2.4 Cold Helium Supply

The cold helium sphere data are summarized in table 7-4. At engine start,

the average sphere temperature varied from 38 to 43 deg R, which was well

below the maximum allowable temperature of 50 deg R. The sphere pressure

at engine start was approximately the required 3,000 psla during CD 614010,

614023, and 614030 (figure 7-13). During CD 614025 and 614028 the pressure

was several hundred psl lower because of sphere blowdowns prior to ignition.

These blowdowns were part of the pressurization system conditioning pro-

cedures that were performed in an attempt to eliminate the start transient

problem. There was approximately 320 ibm of helium in the spheres at

engine start during all tests.

The sphere temperature and pressure histories during engine firing are illu-

strated in figure 7-13. Both the temperature and pressure decreased

initially and after reaching a minimum value, began to increase because of

heat transfer from the relatively warmer LH2 tank ullage. Because of the

variation in time of exposure to the LH2 tank ullage, the sphere tempera-

tures reached different mlnlmumvalues which were dependent on sphere

position.

Table 7-4 also shows the hellummass consumptions for several tests. The

consumption depended primarily on the burn time and to a lesser extent on

engine EMR and the sizes of the flow controlling orifices. Shutoff valve

failures as in CD 614010 and 614023 also affected the consumption. The

helium mass consumption calculated from sphere conditions atESC and ECO
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agreed very well with the results obtained from integration of the helium

flowrate.

7.1.2.5 Helium Heat Exchanger

The J-2 hellum heat exchanger performed with satisfactory results and,

after predictions were adjusted for actual operating conditions, appeared

to operate within satisfactory agreement with the predictions. The heat

exchanger inlet temperature history is shown in figures 7-8 through 7-10.

After the initial hardware chilldown period, this temperature was con-

sistently 15 to 25 deg R higher than the LOX tank pressurization control

module outlet temperature. This condition had not been considered in the

predictions.

Data on the heat exchanger pressure drop in the cold gas and hot gas system

are shown in figure 7-15. The pressure drop data obtained from the cold

gas system tests agreed reasonably well with the Rocketdyne prediction

curves; however, the heat exchanger pressure drop data from the hot gas

system test were higher than the predictions.

The J-2003 heat exchanger performance data from CD 614010 are shown in

figure 7-8, which also shows the Rocketdyne predicted heat exchanger out-

let temperatures for an engine with a 1,460 deg R gas generator temperature.

In this test the gas generator operated at 1,390 deg R so that the difference

between actual performance and the prediction shown here appears to be

reasonable.

Performance data on the J-2013 heat exchanger are shown in tables 7-5 and

7-6 and figures 7-9 and 7-11. Table 7-6 compares the test results, the

J-2013 engine log book data, and the conditions which NASA used for the

curves in figure 7-16 for prediction of the heat exchanger helium outlet

temperature.

Comparison of the data shows that the helium inlet temperature was higher

than the values assumed by NASA. It shows further that the hot gas (gas

generator combustion products) temperatures were in good agreement except

for the value at low EMR. The effect of the latter difference shows up in

figure 7-16 in which the helium outlet temperature data fall below the
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predicted curve. The helium outlet temperature data for EF_s of 5.0 and

5.6 agree reasonably well with the corresponding prediction curves, except

that the trend of the data as a function of the helium flowrate has a

different elope than the prediction.

Analysis, based on generalized heat transfer coefficient correlations,

showed that: (1) the data were not consistent with the correlations, which

explained the trend difference with respect to the effect of helium flowrate,

and (2) the prediction curve for minimum PU was inconsistent with the other

two curves for nominal and maximum PU, if the three PU valve positions are

assumed to represent EMR values of 4.5, 5.0, and 5.6. The prediction curve

for an EF_ of 4.5 falls below the NASA curve and is in reasonable agreement

with the data. The accuracy of the data and of the correlations used for

prediction indicated that the differences between data and predictions were

within acceptable limits. It can therefore be concluded that the heat

exchanger performance was adequate.

The heat exchanger helium outlet temperature data (figures 7-8, 7-9, and

7-11) used here were obtained from measurement C-0228 at the heat exchanger

outlet. Another measurement (C-0009) was also called heat exchanger outlet

temperature, and was located at the stage side of the engine interface,

approximately 10 feet downstream of the heat exchanger but, since this

10-foot line was uninsulated, the temperature indications were lower than

those of C-0228. During steady-state conditions the temperature difference

was strictly caused by heat transfer to the ambient environment, as has

been verified by analysis of the data. However, during transients, the heat

transfer to the hardware of the line becomes an additional factor which

complicates the relation between C-0009 data and the heat exchanger outlet

temperature. Since measurement C-0228 has been deleted from flight stages,

it will be necessary to use C-0009 data plus a rather questionable correction

factor for the heat exchanger performance evaluation.

7.1.3 S-IVB/V

A thorough analysis of S-IVB/V pressurization system test data has not yet

been completed. The data from CD 614043 (typical of S-IVB/V configuration

testing) and a preliminary evaluation are presented in the following

paragraphs.
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7.1.3.1 Prepressurlzatlon

LOX tank prepressurlzatlon data are shown in figure 7-17. Prepressurlzatlon

was initiated 12 mln prior to engine start and required only 10 sec. Makeup

cycles were not required to ma_ntaln tank p_a|sure as the p_eilure was in-

creasing due to the continuous helium purge flow to the vent valve.

The tank was vented several times to ensure that the LOX pump inlet pressure

would not exceed 48 psla at engine start. Both the rapid prepressurlzatlon

and the continuously increasing ullage pressure were a result of the small

ullage volume.

7.1.3.2 Pressurization During First Burn

The LOX tank pressurization system maintained ullage pressure above 37 psia

during the start transient (figure 7.18), in favorable comparison to the

results with the cold gas system used in the S-IVB/IB battleship testing.

The pressurization system cycled seven times in maintaining ullage pressure

within the operating range of 37 to 40 psia during engine firing. The LOX

tank ullage temperature data (figure 7-18) shows the usual stratified

temperature profile.

The cold helium sphere pressure was 3,030 psia at engine start and decreased

to 1,600 psia at ECO (figure 7-19). The sphere temperatures shown in

figure 7-19 ranged from 38 to 41 deg R at engine start and decreased to 27

to 33 deg R at ECO. The helium consumption was 55 ibm.

The plenum chamber pressure (cold helium regulator outlet pressure) history

shown (figure 7-19) was typical of all the battleship test results obtained

after the regulator had been reworked. The pressure was drifting upward

during the firing and cycling as the system alternated between undercontrol

and overcontrol operation. The plenum chamber pressure displayed neither

of these characteristics during tests that were performed before the

regulator had been reworked. Later testing performed in conjunction with

S-IVB-202 acceptance firing indicated that the hot gas system, with its

greater flow capabilities, in conjunction with the higher than expected

module inlet temperature (paragraph 7.1.1) imposed a greater demand in the

overcontrol mode than the regulator was capable of handling.

The following table presents the minimum and maximum plenum chamber pressures

obtained during the S-IVB/V tests.
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Maximum Pressurs t
(psia)

Minimum Pressure,

(psia)

CD 614034

440

330

CD 614043 CD 614044

1st Burn 2nd Burn let Burn 2nd Burn

455 465

350370

475

370

475

370

The LOX tank pressurization module inlet and outlet temperature and the

temperature increase of the helium flowing from the cold helium spheres

to the module are presented in figure 7-19. Both the temperature increase

and the module outlet temperature were somewhat higher than normal.

The heat exchanger performance was.normal. The helium outlet temperature

(C-0009) was in agreement with the prediction after correction was made

for the heat loss in the lO-foot unlnsulated llne. The pressure drop and

the heat transfer through the heat exchanger during undercontrol and

overcontrol operation are shown in figure 7-19.

The primary orifice pressure and temperature data are presented in

figure 7-20. Comparison of these data with the heat exchanger outlet data

showed that the differences were negligible.

The overcontrol valve inlet pressure (figure 7-20) was 30 to 40 psia lower

than the heat exchanger outlet pressure during overcontrol (when the valve

was open). This pressure drop was expected because the line to the valve

was smaller than that to the primary orifice and the flowrate was larger.

Figure 7-20 shows the pressures downstream of the overcontrol valve and

downstream of the hot-cold gas Junction. These data confirmed that the

flow in the orifices and overcontrol valve was choked.

The LOX vent helium inlet parameters are shown in figure 7-20. The vent

temperature did not exceed the redline value of 560 deg R during first

burn. Comparison of this temperature with the theoretical mixture tempera-

ture of the hot and cold gas showed poor agreement. The differences were

the result of llne heat transfer transients caused by the overcontrol and

undercontrol cycles. The hellum flowrate data are shown in figure 7-20.

The overcontrol flowrate data should be considered as preliminary because
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the effective area of the overcontrol valve was not determined by call-

bratlon but was estimated by balanclng flowrates through the orifices and

LOX vent hellum inlet during overcontrol and undercontrol. Additional

system data are also presented in figure 7-20. The LOX tank collapse

factor for this time period is presented in figure 7-18.

7.1.3.3 LOX Tank Repressurlzatlon

LOX tank ullage repressurlzatlon prior to engine second burn appeared to

be satisfactory, although use of the auxiliary pressurization system was

necessary to bring ullage pressure up to minimum engine start conditions.

This situation occurred because the ullage pressure was approximately 16.5

psla at the initiation of repressurlzatlon, rather than the nominal 30-psla

orbltal pressure; and the repressurlzatlon spheres did not contain suffi-

cient mass to compensate for this difference.

Repressurlzatlon sphere temperature and pressure were approximately 515

de E R and 2,700 psla (figure 7-21) at the initiation of repressurlzatlon

which occurred approxlmately 290 sec before second burn Engine Start

Command (2ESC). Tank ullage pressure increased to a maximum of 28.5 psla

by 2ESC -260 sec, at which time the repressurlzatlon spheres were depleted

to approximately i00 psla. The ullage pressure collapsed to 25 psla in 85

sec at which time the auxiliary system was utilized to bring tank ullage

pressure up to 38 psla. Two makeup cycles from the auxillary system were

required prior to 2ESC to maintain the ullage pressure at satlsfactory

levels.

The LOX tank ullage temperature was approxlmately 160 to 175 dog R prior

to repressurlzatlon and, depending on location, increased to a maximum of

270 dog R during repressurlzatlon. The temperature increased from 245 deg

R to 340 deg R under auxillary pressurization (ambient helium) and was at

275 deg R at 2ESC. These temperatures were measured at the LOX tank I00

percent level.

7.1.3.4 Pressurization During Second Burn

After engine start, the LOX tank ullage pressure increased from 35 to 40.5

psla then cycled within the design range of 37 to 40 psla during the
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remainder of engine firing. The initial pressure increase was momentarily

interrupted at ESC +10 sec (figure 7-22) because the pressurization system

was still going through its start transient. The cold helium sphere

pressure and temperature data are shown in figure 7-23. The pressure de-

creased continuously from 2,400 psia at ESC to 1,060 psia at ECO. The

sphere temperatures also decreased initially but then increased after

reaching minimum values at approximately 140 to 150 sec after Engine Start

Command. The temperature increase and the differences in sphere tempera-

tures were caused by heat transfer from the LH2 tank ullage as the LH2

level decreased and the spheres became uncovered. The helium consumption

during second burn was 115 lb. The total consumption for the two firings

was 170 lb.

The plenum pressure historv (figure 7-23) shows the same cycling and up-

ward drift exhibited during first burn pressurization (paragraph 7.1.3.2).

During the last two undercontrol cycles,.the pressure increased sufficiently

to activate the regulator backup switch, and the system went into backup

operation. This figure shows only part of the pressure fluctuations during

this mode of operation because the sampling rate for this plot was only

one per sec.

The rest of the LOX pressurization data, with the exception of diffuser

inlet temperature (figure 7-24) and collapse factor (figure 7-22), were

quite similar to the results obtained during first burn. Both the diffuser

inlet temperature and collapse factor were higher than during first burn.

7.2 LOX Chilldown System

The LOX chilldown system is shown schematically in figure 7-25, Three

engines were used during battleship testing. An experlmental engine,

J-2003, was used for CD 614000 through 614013; flight engines J-2013 and

J-2020 were used in the subsequent S-IVB/IB and S-IVB/V tests respectlvely.

The differences between them with respect to LOX chilldown was that the

flight engines were equipped with 1.5-1n. bleed valves while the J-2003

engine was equipped with a 5/8-in. bleed valve. The engine return llne

was also routed differently. These two differences affected the chilldown

flowrates conslderably (table 7-8).
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The chilldown operation was the same for all tests, but initial con-

ditions, duration, and the start time in the terminal count sequence were

varied. The variations in the initial conditions and duration of chilldown

resulted from differences in the countdown procedure prior to chilldown.

The normal procedure for S-IVB/IB testing was to load the LOX tank with

the prevalve and bleed valve open* and start the chilldown (several hours

later) with an unpressurized tank. The variations in S-IVB/IB testing were

(a) opening the bleed valve at initiation of chilldown (CD 614006) and

(b) starting chilldown with a pressurized tank (CD 614017-A3). The normal

procedure for S-IVB/V testing was to load the LOX tank with the prevalves

closed and pressurize the tank prior to the chilldown that preceeded first

engine burn. After the first firing, the prevalves were closed again, and

the LOX was purged out of the feed duct with ambient helium. The chilldown

prior to second burn started while the tank was still unpressurlzed. The

effects of these variations on the recirculation system performance are

shown in table 7-8 and are discussed in the following paragraphs.

7.2.1 S-IVBIIB

Cold flow testing had already demonstrated that the LOX chilldown system

performance was adequate. The S-IVB/IB hot firing test results confirmed

this. As shown in table 7-8, the available NPSH at ESC, which is the prime

criterion, exceeded the minimum requirement by a considerable margin.

Since steady-state conditions were achieved at the LOX pump inlet during

all tests, the chilldown duration did not affect the temperature obtained

there at the end of chilldown. The effect of chilldown duration is clearly

illustrated in figures 7-26, 7-27, and 7-28, which show the temperature

histories at the pump inlet and gas generator bleed valve. The chilldown

flowrate noticeably affected the LOX pump inlet temperature, as shown by

the values obtained at the end of chilldown in the tests with the J-2003

and J-2013 engines (table 7-8). The flowrate data (figures 7-26 and 7-27)

indicate that the flow resistance in the J-2013 engine was considerably

lower than that in the J-2003 engine because of the difference in the bleed

valve sizing (5/8 and 1-1/2 in.). In order to express the flow resistance

quantitatively, a flow coefficient (C) was defined by using the Darcy

*During the J-2003 engine tests, the bleed valve was opened at the time

that the 50 percent load level in the LH2 tank was reached.
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equation P

K

A22
g

. K _2 The flow coefficient (C) corresponds to the term

A22 '
g

in the equation and depends only on the geometry of the system.

Values of C are also shown in table 7-8. The flowrate during CD 614005

was higher than it was during subsequent tests wlth the J-2003 engine.

The decrease In flow was the result of replaclng the bleed valve, which

was destroyed in the uncontrolled gas generator combustion during CD 614005.

The temperature and flowrate data were used to calculate the ambient heat

input to the various sections of tile system. The results, shown in

table 7-9 indicate that the heat inputs to the J-2003 and J-2013 englne

were approximately the same (wlthlnthe data accuracy). Thls was expected

as the major resistance to the heat transfer would be the outside fllm

coefficient, which depends on the ambient conditions.

7.2.2 S-IVB/V

During S-IVB/V battleship tests, tSe LOX tank was loaded wlth the prevalve

closed in order to obtain more severe initial conditions for chllldown than

are expected during orbital coast. The chllldown data from these tests

therefore, are very significant with regard to prediction of the re-

circulatlon system performance and the tlme required for orbital chllldown

prior to restart in S-IVB/V flights.

The results from these tests are shown in figures 7-29 through 7-35 and

are sununarlzed in table 7-10. These data indicate that the reclrculatlon

system performance was adequate and also show that a lO-mln chilldown

period was more than sufficient to obtain engine interface conditions that

were within the engine start reouirements (figure 7-29). These data also

indicate that steady-state conditions were reached or closely approached

after 5 min of chilldown. Analysis of the data Is still-in progress;

however, based on these data and a preliminary comparison of the test con-

ditions with those expected to be encountered while in orbit, the 5-mln

period allowed in the flight sequence prior to engine restart appears to

be adequate to meet start requirements.
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As noted in paragraph 7.1, the test conditions for S-IVB/V tests prior to

first and second burn differ in two respects from each other:

a. First burn chilldown was initiated when the tank was already

pressurized; for the second burn chilldo_m tests, the tank

was pressurized approximately 5 min after initiation of chilldown.

b. During both tests, the suction ducts were intended to be "dry"

at the start of chilldown, but this condition _as accomplished in

a different manner (tank loading with a closed p_evalve versus

helium purging to remove LOX from the suction duct).

The effect of the latter difference is particularly hard to assess because

of a small leakage in the LOX prevalve which allowed some LOX into the

suction duct.

Because of the LOX leak and the test condition differences, steady-state

conditions were obtained much sooner during the first burn tests than

during the second burn tests.

7.2.3 Engine LOX Supply

The engine LOX supply system performed well. The available NPSH at the

LOX pump inlet remained well above requirements throughout all engine

firings.

7.2.3.1 S-IVB/IB

LOX pump inlet pressure and temperature data for several tests are shown

in figure 7-36. Figures 7-37 through 7-44 present histories of these

tests. The pump inlet pressure decreased after engine start and then

cycled with ullage pressure while generally decreasing due to the decrease

in liquid head in the LOX tank. The pump inlet temperature decreased

during the start transient, steadied out, and then began to increase at a

rate which became faster as the firing continued.

The NPSH at the LOX pump inlet during firing was calculated from the pump

inlet pressure and temperature data by a Fortran computer program. A

constant term was used in the program for dynamic pressure. This was

necessary since a program whlch calculates dynamic pressure from data was
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not yet available. Hand calculatlons were made to verify the results of

the program. As seen in figures 7-26D 7-27, 7-39 and 7-41, the hand

calculated values of NPSH and the program results were in close agreement.

Differences were due to differences in pressure and temperature, data and

to the effect of dynamic pressure variations. The pressure and temperature

data differences were the result of using different data sources (strip

charts and the digital data acquisition system).

Five tests were used for evaluating NPSH during firing and confirmed

satisfactory system operation. Two of these tests (CD 614008 and CD 614009)

were conducted wlth engine J-2003. The other three tests (CD 614025,

614028, and 614030) were made with engine J-2013. The NPSH cycled with

ullage pressure while generally decreasing with time due to a decrease in

llquld head and an increase in fluld temperature at the pump inlet. The

NPSH data are shown in figures 7-37 through 7-41 and summarized in table

7-9.

The frictional pressure drop in the LOX suction duct was computed from

ullage pressure, pump inlet pressure and temperature, PU probe mass,

engine flowrate, and pump discharge pressure and temperature data. The

suction duct pressure drop was calculated for CD 614008, 614009, 614010,

614023, 614025, 614028, and 614030 (figure 7-42). The average pressure

drop from all these tests was determined to be 1.23 psi; the predicted

pressure drop was 2.58 psi at nominal flowrate.

LOX pump inlet temperature data and PU probe mass data were plotted for

CD 614010, 614020, 614023, 614024, 614025, 614028, and 614030 (figure 7-44).

The pump inlet temperatures were normalized by shifting the data so that

each of the tests had the same initial steady-state temperature. This

normalizing eliminated such test-to-test variations as instrumentation

errors and bulk heating prior to engine start. The normalized temperatures

were then plotted as a function of the mass remaining in'the LOX tank

(figure 7-43). This temperature-mass plot shows that all the tests except

CD 614030 fall very close to the same curve, indicating that the heat input

into the LOX was very nearly the same for all these tests. There are

very small differences between the test results due to the EMRvarlatlons.
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The CD 614030 data indicate that heat input to the LOX in the tank during

engine firing was greater than in the previous tests, possibly because the

LOX pressurization system hardware was changed and resulted in a warmer

pressurization gas during the initial phase of burn. This could have been

responsible for the warmer l£quid temperature observed during this

countdown.

7.2.3.2 S-IVB/V

The LOX was supplied to the engine in a satisfactory condition throughout

both first and second firings of the engine during the three S-IVB/V tests

which were evaluated. This was demonstrated by the NPSH at the engine

interface during engine firing (table 7-10). In all tests, the available

NPSH never decreased below the allowable minimum.

During engine firing, the NPSH followed the ullage pressure while generally

decreasing with time due to the decrease in liquid head pressure, as the

Lax was drained from the tank, and the increase in liquid temperature.

NPSH data and histories of Lax temperatures in the tank and at the engine

interface are shown in figures 7-45 through 7-49.
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)
COUNTDOWN

614010

614020,

614021,

614022, Run No. 1

)614023, Run No. 2

1614024, Run No. I

614025, Run No. 2

614028,

614030,

TABLE 7-3

LOX TANK PRESSURIZATION MODULE ORIFICES

ACTUAL ACTUAL

ORIFICE DIAMETER AREA

(IN.) (IN 2)

COLD GAS CONTROL SYSTEM

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

Secondary

Primary

Bypass

0.0995

0.0995

0.1610

0.0995

0.0995

0.1610

0.089

0.109

0.159

0.089

0.109

0.159

0.089

0.109

0.159

0.109

0.089

0.159

0.109

0.089

0.159

0.158

0.i00

0.164

! 0.00776

! 0.00776
I

0.02035

0.00777

0.00777

0.02035

0.00622

0.00933

0.01985

0.00622

0.00933

0.01985

0.00622

0.00933

0.01985

i 0.00933

0.00622

0.01985

0.00933

0.00622

0.01985

0.0196

0.00785

0.0211

HOT GAS CONTROL SYSTEM

Removed

0.242

0.161

0.04595

0.02035

CD

*0.85

*0.85

0.86

0.87

1.00

0.86

0.976

0.896

0.849

0,976

0.896

0.849

0.976

0.896

0.849

0.896

0.976

0.849

0.896

0.976

0.849

0.90

0.97

0.88

0.836

0.904

EFFECTIVE

AREA

(IN 2)
'il

0_0066

0.0066

0.0149

0.00676

0.00776

0.0149

0.00607

0.00836

0.01685

0.00607

0.00836

0.01685

0.00607

0.00836

0.01685

0.00836

0.00607

0.01685

0.00836

0.00607

0.01685

0.01765

0.007615

0.0186

0.0332

0.0384

0.0184

* = Assumed

r, = Effective area of valve
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TABLE 7-4

COLD HELIUM SPHERE DATA

COUNTDO_

Temperature at ESC (OR)

Pressure at ESC (psta)

Mass in Spheres at ESC (lbm)

Burn time (sec)

Upper Sphere Minimum Temperature (°R)

Lower Sphere Minimum Temperature (°R)

Minimum Sphere Pressure (psla)

Corresponding to Minimum Temperature

Time after ESC when Minimum

Pressure Occurred, (sec)

Sphere Pressure at ECO

Temperature in Spheres at ECO ("R)

Spheres 1 & 8

Spheres 2 & 7

Spheres 3 & 6

Spheres 4 & 5

LH2 Ullage Temperature at ECO (OR)

Mass Remaining in Spheres at ECO (lbm)

Mass Consumed During Firing (lbm)

614010*

42

3,020

326

414.6

30

27.8

750

235

750

40

44

47

47

126

150

176

614023*

43

2,970

321

471.9

33

29

985

254

900

52

55

59

60

151

139

182

*Shutoff valve fallure during engine firing.

614025

38

2,500

320

509.1

33.0

29

1,140

260

1,230

51

57

58

59

150

175

145

Section 7

Oxidizer System

614028 614030

39 43

2,320 3,000

317 324

375.8 495.9

32.6 35

29 3O

1,035 1,320

262 251

1,160 1,250

42 51

47 56

49 58

50.4 60

153 152

193 177

124 147

21 February 1966
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FUEL SYSTEM

The 1/42 tank pressurization system, the LH2 reclrculatlon system, and the

engine supply system performed satlsfactorily during the developmental testing

of the battleship prosram. The fuel system data are presented and discussed

in the following paragraphs.

8.1 LH2 Tank Pressurization System

The LH2 tank pressurization system satisfactorily prepressurlzed the LH2 tank

and maintained the tank ullage pressure during engine operation. The

configuration of the pressurization system was the same during all tests, but

the pressurant gas was supplled by three different engines (S/N J-2003,

J-2013, and J-2020) during various phases of the battleshlp program.

8.1.1 S-IVB/IB

8.1.1.1 Prepressurlzatlon

The prepressurizatlon of the LH2 tank was satisfactorily accomplished during

all battleship tests. The cold helium was supplied from the GSE prepressurl-

zation system as shown in figure 8-1. A typical prepressurlzatlon history

of the LH2 tank ullage and inlet temperature, pressure, and flow during

CD 614010 is shown in figure 8-2. Prepressurlzatlon flowrate was low

initially because of warm gas in the supply llne and then increased rapidly

and stabilized at 0.97 ibm/sac as the GH2 temperature decreased. After the

prepressurization was completed, the ullage pressure continued to increase due

to the temperature rise of the ullage. The ullage temperature rise during

prepressurlzation was acceptable and amounted to approximately 25 deg R.

Prepressurlzation data from CD 614023, 614028, and 614030 are summarized in

table 8-1 and indicate that the temperature of the pressurant gas from the

GSE heat exchanger was in the range of 71 to 115 deg R. The LH2 tank inlet

temperatures were initially high due to heat transferred from the lines to

the gas.

8.1.1.2 Pressurization

During the initial S-IVB battleship tests, the 1142 tank was pressurized from

the GSE supply because the flight pressurization control module was not

21 February 1966
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available. The flight configuration LH2 tank pressurization system was

first tested during CD 614009. This 150-sec engine firing was followed by

CD 614010, a full duration test with the same engine (S/N J-2003). A

schematic of the LH2 tank pressurization system is shown in figure 8-1. LH2

tank pressurization system data from these countdowns are presented in

table 8-2 and figures 8-3 and 8-4.

The operation of the pressurization system was satisfactory. Although GH2

flowrates were lower than predicted (table 8-3), ullage pressure was

maintained within the desired llmlts varying between 40.7 and 28.8 psla from

engine start to step pressurization (table 8-2). Acceptable limits were

42 (vent setting) to 28 psla. Pressurization module cycling from undercontrol

to overcontrol occurred twice during CD 614010. Design requirements for

upper and lower pressure cycling limits were satisfactorily met.

Step pressurization during CD 614010 was initiated at ESC (Engine Start

Command) +250 sec and required 148 sec to increase the ullage pressure to a

reference pressure of 39 psia. During subsequent tests with the S/N J-2013

engine, 70 to 96 sec were usually required to reach 39 psia (table 8-4). The

relatively slow pressurization rate during the step pressurization mode was

caused by a lower than expected step pressurization flowrate. The LH2 tank

pressurization module had not been flow-callbrated prior to the test.

The ullage temperatures were lower than predicted because the temperature of

the GH2 supply from the J-2003 engine was lower than anticipated. The initial

and flnal ullage temperatures were 70 deg R and 125 deg R (table 8-2). The

LH2 tank ullage temperature profiles are also shown in figure 8-4 and indicate

that the ullage temperature gradients were negligible (good mixing) through-

out the firing of CD 614010. The i01 percent temperature probe was not a

valid indicator of ullage temperature at engine start due to its location.

During CD 614010, when corrected for the predicted temperature of 200 deg R,

the nomlnal flowrate was higher than predicted, control was sl_ghtly lower,

and the step pressurization flowrate was much lower as indicated in table 8-2.

During later tests, the step orifice was removed to increase the step pres-

surization flowrate.

212
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The full duration S-IVBIIB battleship tests wlth the J-2013 engine are listed

in table 8-5 (CD 614023 to 614030). LH2 tank pressurization system test

results for these countdowns are summarized in table 8-6.

During the first 30 sac of engine operation, the LH2 tank ullage pressures

were usually observed to increase and then start to decrease as shown in

figures 8-5 and 8-6.

The increase in ullage pressure was neither large (0.8 to 1.7 psla) nor

significant from the standpoint of performance, since tank pressures up to

vent pressure (42 psla) are acceptable. However, the ullage pressure change

was of interest because it resulted from the simultaneous interaction of

several LH2 pressurization system variables. Test data reveal that the

following occurred during the first i0 sec of engine burn.

a. The LH2 tank pressurization module inlet pressure increased to

750 psla in 4 sec and to 780 psla in i0 sec.

b. The LH2 tank pressurization module inlet temperature decreased

from approximately 257 +--25deg R to 205 +--5deg R as engine burn

progressed from start to cutoff. Nearly all of the temperature

differential occurred during the start transient.

c. Module effective flow area remained constant at the value given

in table 8-7 for undercontrol.

d. The calculated GH2 flowrates increased to 0.38 lbm/sec in 4 sec and

to 0.41_+0.01 lbm/sec in 10 sec as a result of the combined influence

of paragraphs a, b, and c.

e. GH2 pressurant gas initially received heat energy from the pressuri-

zation llne that connects the module outlet with the LH2 tank inlet.

A comparison of module inlet temperatures with LH2 tank inlet

temperatures reveals that the tank inlet temperatures were higher

from 0 to +I0 sec after start due to the hot line:

f. The LH2 tank ullage pressure at engine start increased at a varying

rate which was dependent on the combined influence of paragraphs d

and e. After I0 sec of J-2 engine operation, an additional variable,

engine mixture ratio (EMR) exerted strong influence on the LH2

pressurization system performance.
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g. The EMRwas constant at 5.0 for the first i0 sec of all four full

duration tests, then changed to either a high or a low EMR

(table 8-5 and figures 8-5 and 8-6).

h. Pressures and temperatures throughout the LH2 pressurization system

were found to increase or decrease directly with EMR during these

countdowns. The approximate influence of EMR on module inlet

pressure and temperature is shown graphically in figure 8-7.

Predicted values of pressure and temperature variation with EMR

and GH2 flow are plotted for reference as solid llnes. Rocketdyne

report R-3825-I: J-2 Engine Manual is the source of predicted

pressure, temperature, and flow variations with EMR. Figure 8-7

also shows actual test results plotted as individual data points.

The pressurant flowrates (figures 8-5 and 8-6) reflected the EMR changes as

they occurred.

In addition to the influences noted, ullage pressure was increased by

commanding the pressurization module to change either to overcontrol or to

the step mode of flow control. These modes of flow control are discussed

by countdown in the followlng paragraphs.

During CD 614025, the LH2 tank ullage pressure decreased to 29.1 psla at

153 sec after engine start (figure 8-5). The ullage pressure then cycled as

noted until ESC +250 sec when step pressurization was commanded. The LH2

tank inlet pressure reflected the changes in pressure control mode. As

shown by the ullage pressure data in table 8-6, the overcontrol valve (in

the module) opened at 29.1 psia and closed at 30.7 psla. Valve operation was

within specified llmlts of 28 to 31 psia and thus was acceptable.

During CD 614023, 614028, and 614030, module overcontrol valve cycling did

not occur. This may be confirmed by noting that, prior to ESC +250 sec, there

are no step changes to the LH2 tank inlet pressures. During the engine burn

intervals of start to +250 sec, the ullage pressure gradually decayed but

remained above the LH2 tank pressure switch actuation level of 29 psia. This

performance is acceptable.

For each test, the Step Pressurization Command was sent to the module by a

sequence timer at ESC +250 sec. The command increased module flow area as

214
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shown in table 8-7. As noted in reference symbol E of table 8-4, ullage

pressure during all four countdowns increased to 39 psia (or higher) as

required. The time interval from step command to 39 Dsia varied from 70 to

96 sec and was acceptable. Measured LH2 tank pressurization system charac-

teristics are llsted in table 8-6.

From ESC +400 sec to cutoff, all LH2 tank pressurization system pressures and

temperatures except LH2 tank ullage decreased until engine shutdown. Typical

examples are pressurization module inlet temperature and inlet pressure. The

EMR* decrease is responsible for t11e decrease in the LH2 tank pressurization

system temperatures and pressures.

The LH2 tank ullage gas temperatures at the 90 percent level averaged 70 deg R

at engine start and 152 deg R at engine cutoff• Plots of ullage gas tempera-

tures at various levels are presented in figure 8-8, which shows that there

was little or no ullage gas temperature stratification.

The temperature probe (C-0039) located at the i01 percent level in the LH2

tank was found to indicate a higher temperature than the other probes at

engine start. The probe is physically mounted on the LH2 tank upper dome wall

as shown in figure 8-9 and this location apparently is responsible for its

higher indicated temperature. At engine start, incoming GH2 flow enters the

tank and is deflected toward the upper dome by the inlet diffuser• This

relatively warm gas at temperatures between 180 and 300 deg R (figures 8-5

and 8-6) is believed to flow along the upper dome wall and produce a local

environment that is warmer than the ullage volume average temperature.

Therefore, the 90 percent level probe was used in lieu of the i01 percent

probe in estimating ullage gas temperatures.

The data in figures 8-5 and 8-6 indicate that temperature differences between

the J-2 engine injector and the LH2 tank inlet vary from 3 to 21 deg R during

engine burn. In some cases, cooling of GH2 flow between the injector tapoff

port and the LH2 tank inlet port is indicated by the data. This is unlikely

since much of the system hardware is exposed to an ambient (approximately

530 deg R) environment. Expansion cooling of GH2 when throttled through the

*EMR was calculated from PU valve position
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module orifices is negligible (less than 3 deg). Therefore, it is believed

that the indicated cooling of GH2 flow was actually an instrumentation and

data processing error.

Test data indicate that actual GH2 flow compares acceptably with predicted

values of 0.4 ibm/sec (undercontrol), 0.8 Ibm/sec (overcontrol), add

1.2 ibm/sec (step). Predictions were based on an inlet pressure of 750 psia

and inlet temperature of 200 deg R.

GH2 flow through the LH2 pressurization system lines was found to be

adiabatic. Test data evaluation has verified the validity of the initial

design concept which assumed adiabatic flow from the J-2 engine tapoff port

to the LH2 tank pressurization port.

Both the measured and calculated static tank inlet temperatures (CD 614030)

are compared in figure B-6. This figure is significant because it shows that

calculated static temperature (assuming adiabatic flow) is nearly equal to

measured temperature during undercontrol when the probability of non-adiabatlc

flow theoretically should be greatest. The larger deviation between calcu-

lated and measured static temperature during step pressurization is

fictitious and is due to the location of the probe. Test data indicate that

at low flowrates the probe gives nearly a true static temperature reading.

As flow increases, the measured temperature approaches the total temperature

and records a higher than actual tank inlet static temperature.

Collapse factors (Cf) obtained from the data of CD 614023, 614025, 614028, and

614040 are shown in figure 8-10. The collapse factors were calculated from

the following equation:

ZW At T

Cf = (P 9144)t
R

Whe re :

ffi Total pressurant flowrate (ibm/sec)

d t ffi Calculation time increment (sec)

T =

p =

Temperature of gas entering tank (deg R)

Ullage pressure (psia)

Volumetric rate of change in ullage volume (ft3/sec)

216
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R = Gas constant of pressurant (ft-lbf/ibm-deg R)

t - Time from engine start (sec)

Note that this collapse factor definition employs the diffuser inlet

temperature instead of the control orifice temperature used in the Saturn IV

definition. The tendency for Cf to vary during engine firing in a random

manner is due primarily to instantaneous changes in the G112 flowrate into

the tank. The changes in flowrate, in turn, are caused prlnclpally by EMR

and module flow area changes. Module inlet pressure and GH2 flowrate vary

directly with EMR as explalned earller. The values of Cf are Judged

acceptable and in agreement with predicted performance.

8.1.2 S-IVB/V

The test data from three countdowns (CD 614034, 614043, and 614044) were used

to evaluate the S-IVB/V pressurization and repressurlzatlon systems. The

results obtained from these tests are discussed in the following paragraphs.

8.1.2.1 Prepressurlzatlon

The LH2 tank prepressurlzatlon time for CD 614043 was 23 sec (figure 8-11)

which was less than that required for the S-IVB/IB battleship because of the

smaller S-IVB/V ullage volume. The 37 deg R ullage temperature increase,

noted during prepressurlzatlon, was typical of values observed during

S-IVB/IB tests. Operation of the prepressurizatlon system was satisfactory.

8.1.2.2 Pressurization During First Burn

The S-IVB/V battleship ullage pressure remained above the lower limit of

28 psia, and all ullage pressures and temperatures were acceptable. Typical

data from CD 614043 are presented in figure 8-12.

At ESC, all three pressurization flow paths (normal, control, and step) were

open until ESC +2.8 sec, when the ullage pressure control was transferred to

the LH2 tank pressure switch. This caused the usual ullage pressure increase

Just after ESC. During first burn pressurization of the three countdowns

evaluated, cycling of the module in overcontrol occurred as shown in the

following table. _
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Count down
Not

614034

614043

614044

No, of

Over,on,tel

Cyolem

l

Overcontrol

"On" _reasure (psi6)

28,7

Overcont tel

"Off" _res_ure (psia)

30,7

30,3

Cutoff

31,0

31,0

The ullage temperatures were in the range of 120 Co 130 des R during the

latter half of f!rs_ e_s_ne burn for CD 6!4043, Temperatures a_ _he various

tank levels differed b 7 less _han !0 deg indicating seed mlwlnS of _he ullage

gas,

8,1,2.3 Repressurisation Prior to Second Burn

Repressurizatlon of the LIt2 tank was successfully accomplished for all tests,

The ullage pressure was increased from ambient (15 psla) to 33 psla in

approximately 55 sec, Typical data are presented in figure 8-13, Repressurl-

zatlon was terminated by the LH2 tank pressure switch at 33 psia which was

acceptable. The repressurization helium supply was adequate as shown by the

550 psia pressure remaining at the termination of the prepressuri_at!on

operation,

8.1,2.4 Pressurization During Second Burn

LH2 tank pressurization during second bu_ was performed satisfactorily,

Typical second burn LH2 tank pressurization system operations are shown in

figure 8-14, The ullage pressure ranges for three countdowns are shown in

the following table,

Countdown Ullage Pressure
Range (pals)

614034 40 to 41,1

614043 38,_ to 32,0 0

614044 38,1 _o 3!,8 ! (S_ _I,8 ps%a)
.......................................................

Overoontrol d_r_nB seoond burn was _ocompl_sh_d hy open4o_ Kho stop

flm_ path,

No, of Overcontrol

Cycles

0

_1 F,bru_ _966
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8.2 LH2 Reclrculatlon

The LH2 reclrculatlon system is shown schematically in figure 7-25.

8.2.1 S-IVB/IB

For the S-IVB/IB battleship tests, the LH2 tank was loaded with the pre-

valve open* which exposed the LH2 pump and other hardware to LH2 for a long

period of time before the chilldown pump was started. Because of this, the

hardware was largely chilled before LH2 pump chilldown, and fluid conditions

throughout the chilldown system reached their steady-state values within 1

or 2 mln after the chilldown pump was started.

Countdowns 614005-3 through 6140010-2 were used for evaluating the performance

of the chilldown system with the J-2003 engine (table 8-8). Four of these

tests consisted of approximately lO-min chilldowns; the other two were

5-min chilldowns.

During all these tests, the chilldown pump was started before the LH2 tank

was pressurized and was shut down at engine start. The LH2 tank was pres-

surized while chilldown was in progress and markedly affected chilldown.

Chilldown was ended at ESC -6.5 sec, when the prevalve was opened to remove

any bubbles that may have collected beneath it. Essentially all the chilldown

flow then returned to the tank through the open prevalve, and the LH2 at the

engine interface started to increase in temperature because there was no

appreciable chilldown flow through the engine from that time until engine

start.

When the chilldown pump was started, the liquid in the tank was saturated.

The LH2 was subcooled Just doxanstream of the chilldown pump, since the chill-

down pump developed a head of i0 psi while only slightly heating the LH2

passing through it. Because of a decrease in pressure (resulting from the flow

resistance) and an increase in temperature (from heat input), the LH2 became

less subcooled as it proceeded through the system. For four of the tests,

the NPSH at the engine LH2 pump inlet was 5 to 6.5 psi during unpressurlzed

*The bleed valve was also open in the J-2013 engine tests. During the J-2003

engine tests, the bleed valve was generally opened when LH2 tank loading had

reached the 50 percent point (table 8-8).
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chilldown, and the LH2 was saturated between the engine LH2 pump inlet and

the GG bleed valve. This was indicated by the GG bleed valve temperature

which was approximately the same or lower than the engine interface tempera-

ture during this time. The heat input to this portion of the system caused

the LH2 to vaporize. Therefore, during unpressurized chilldown, subcooled

liquid flow existed from the chilldown pump to slightly beyond the engine LH2

pump inlet where the LH2 became saturated, and two-phase flow existed from

there to the exit of the chilldown system.

After the LH2 tank was pressurized to 40.4 to 42.7 psla, the NPSH at the

engine LH2 pump inlet increased to 29 to 32 psi, and the LH2 became subcooled

throughout the remaining portion of the system so that subcooled LH2 existed

throughout the entire chilldown system. The change from two-phase flow to

subcooled liquid flow throughout the chilldown system caused the flowrate to

increase from 55 to 95 gpm when the tank was pressurized. The mass flowrate

increased due to the higher density of subcooled liquid flow.

The chilldown tests in CD 614006 and 614007 (figures 8-15 and 8-16) were

conducted for 5 min rather than i0 min. Countdown 614006 also differed in

that the GG bleed valve was not opened until the start of chilldown, while in

all the other tests, it was opened when the LH2 tank load reached the

50 percent level. As a result, the hardware downstream of the GG bleed valve

was warm and dry prior to the start of chilldown, and the LH2 at the LH2 pump

inlet remained saturated for the first 30 sec of chilldown (until the tank was

pressurized). The GG bleed valve temperature cycled on and off scale indicat-

ing slugging flow. During the 10-min chilldowns, when the bleed valve was

opened long before chilldown started, the LH2 at the LH2 pump inlet was sub-

cooled by 6 psi. In the tests where the bleed valve was opened early, the

bleed valve temperature was saturated during thls early part of chilldown.

Also during CD 614006, the bleed valve temperature was still decreasing at

the end of pressurized chilldown, indicating that chilldown had not been as

complete as it had been during the tests where the bleed valve was opened

during loading, which demonstrates the advantage of having the bleed valve open

during loading. However, it should be noted that the engine LH2 pump inlet

temperature stabilized at a value similar to that of the other tests and that

start requirements were easily met.
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During CD 614007 (figure 8-16) the GG bleed valve was opened during loading,

but chilldown was not started until ESC -5 min. Data from this test indicate

that temperatures were slightly higher than those of the lO-min chilldowns,

but otherwise were very similar.

During CD 614010-2, there was a larger-than-normal heat input to the chilldown

system. This resulted in an NPSH at the engine interface of only 1.5 psi and

a flowrate of only 44 gpm during unpressurized chilldown as opposed to typical

values of 5 to 6.5 psi and 55 gpm respectively. However, when the tank was

pressurized, the flowrate increased to a normal 95 gpm and the NPSH increased

to a normal 30 psi at the engine interface.

In spite of the variations in chilldown times, procedures, and heat inputs,

start conditions were easily obtained during all of these tests.. The available

NPSH at engine start was 18.2 to 22.9 psi compared to a required minimum of

9.4 psi. Figure 8-17 presents typical data from the lO-min chilldown tests.

A flow coefficient was defined by AP ffiCW 2 where C = K in the Darcy
o

A 2 2
g

equation. Therefore, this flow coefficient depends only on the geometry of

this system. It is a measure of the flow resistance of a system and is

directly proportional to the pressure drop in the system.

The flow coefficient could only be determined during pressurized chilldown when

the LH2 in the system was all liquid. For the six tests with the J-2003

engine, the pressure drop moved between 7.4 and i0.0 psi. The corresponding

flow coefficients were 41.8 to 49.8 sec2/in_ ft 3 (table 8-8). It should be

noted that in the J-2003 engine the LH2 bleed valve was I in. in diameter

instead of 1.5 in. as in the flight engines.

Since the flow coefficient was dependent only on the system geometry, its

value was the same during both pressurized and unpressurized chilldown. With

the flow coefficient and flowrate, pressure, and temperature data during

unpressurized chilldown, it was possible to estimate an average fluid quality

in the two-phase flow region of the chilldown system during unpressurized

chilldown. For purposes of calculation, two-phase flow was considered to

exist from the engine interface to the exit of the chilldown system. The

average fluid quality was defined as mass vapor/mass mixture and varied from a

low of 0.067 during CD614008 to a high of 0.143 during CD 614010. The quality
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during CD 614010 was very high because of high heat input which resulted in

the LH2 being nearly saturated at the engine interface. The short (5-min)

tests during CD 614006 and 614007 were of higher qualities than the 10-min

tests (CD 614008 and 614009), which was expected since the hardware was not

well chilled. Aloe the averase quality of CD 614006 (test where GG bleed

valve was opened at start of chilldown) was higher than that of the other

short test (CD 614007) where the GG bleed valve was opened during loading.

The heat input rates to the various sections of the chilldown system were

calculated from flowrate and temperature data during pressurized chilldown.

The heat input rate in section i (tank I percent level to engine interface)

ranged from a low of 6,400 Btu/hr during CD 614008 to a high of 8,500 Btu/hr

during CD 614010. The heat input rate in section 2 (engine interface to GG

bleed valve) ranged from 22,200 Btu/hr during CD 614008 to 33,400 Btu/hr

during CD 614006. Since it was not possible to calculate the heat input rate

in section 3 (GG bleed valve to exit of chilldown system) because of

insufficient data accuracy, the total heat input to the system could not be

determined.

During unpressurized chilldown, the heat input rate in section i was calcu-

lated the same way as it was for pressurized chilldown since the LH2 was still

subcooled in this section. The calculated heat input ranged from a low of

7,000 Btu/hr during CD 614008 to a high of 16,900 Btu/hr during CD 614006.

The heat input rate in sections 2 and 3 during unpressurized chilldown was

determined from the average fluid quality. Since no pressure transducer was

located at the GG bleed valve, it was not possible to separate the heat inputs

in sections 2 and 3. The heat input rate in sections 2 and 3 ranged from a

low of 24,600 Btu/hr during CD 614008 to a high of 41,900 Btu/hr during

CD 614010. The total heat inputs to the chi!idown system during unpressurized

chilldown ranged from 31,600 Btu/hr during CD 614008 to 53,000 Btu/hr during

CD 614010.

The heat up rate at the engine interface, from the end of chilldown (opening

the prevalve) to Engine Start Command, ranged from 2.5 deg R/min during

CD 614005 to 9.9 deg R/min during CD 614010. The average value for these

six tests was 5.9 deg R/min.

The LH2 bleed valve of the J-2013 engine was larger (1.5 in.) than the valve

in the J-2003 engine (I in.), and the chilldown system through the engine was
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routed differently. The stage portion of the chilldown system was the same

for both engines. The chilldown procedure was basically the same, with the

tank loaded with the prevalves opened as before. With the J-2013 engine, the

bleed valve was open from the start of loading.

Five tests were used for evaluation of the chilldown system with the J-2013

engine. These tests consisted of a 28 mln, 21 mln, 3.5 mln, and two 6-min

chilldowns. Test data are summarized in table 8-8. In the 3.5-mln test of

CD 614017-A3 (figure 8-18) chilldown was started after the LH2 tank was

pressurized. In the other four tests, chilldown was started before the tank

was pressurized which is the normal procedure (figure 8-19).

During unpressurlzed chilldown, the LH2 was subcooled from the tank to the

engine interface and saturated at the bleed valve. From the bleed valve to

the exit of the chilldown system, two-phase flow existed. When the LH2 tank

was pressurized, the LH2 became subcooled liquid throughout the entire chill-

down system. When the LH2 tank was pressurized to 31.0 to 35.1 psla, the

flowrate increased from 101.4 -130 gpm to 138.2 -157 gpm because of the higher

density of subcooled liquid flow.

During CD 614017-A3 (figure 8-18) chilldown was started after the LH2 tank was

pressurized, and the test was very short (3.5 min). Steady-state flowrate and

fluid temperatures were the same as for the other four chilldown tests during

pressurized chilldown. About the only difference was that steady-state condi-

tions were reached sooner.

In tests with the J-2013 engine, the available NPSH at the engine interface

during unpressurized chilldown was 5.1 to 7.8 psi; during pressurized chilldown

this increased to 20.0 to 23.8 psi. The prevalve was opened at ESC -7.8 sec.

When this occurred, the flow resistance was greatly reduced which caused a

drop in the chilldown pump developed head to near zero, and a loss in NPSH at

the engine interface. During the 8 sec of essentially no flow through the

engine chilldown system, the LH2 at the engine interface h_ated up and caused

a further decrease in NPSH. As a consequence of these decreases, the NPSH

at engine start was 12.0 to 14.7 psi. However, the available NPSH was still

greater than the required minimum of 10.5 psi.

During unpressurlzed chilldown, the system pressure drop was 9.0 to 9.5 psi.

After the tank was pressurized, the pressure drop was 6.1 to 8.4 psi. The flow

21 February 1966

223



Section 8

Fuel System

coefficient was determined from pressure drop and flowrate data during

pressurized chilldown when subcooled liquid flow existed throughout the chill-

down system. The calculated flow coefficients were 13.5 to 16.0 sec2/in.2ft 3.

The flow coefficient is directly proportional to the system pressure drop.

The average fluid quality during unpressurized chilldown was calculated from

the flow coefficient and flowrate, pressure, and temperature data. Since

there was no pressure transducer at the bleed valve, it was necessary to

compute tile average fluid quality for the portion of the system from the

engine interface to the exit of the system. This quality was defined as mass

vapor/mass mixture and, for the different tests, ranged from a low of 0.019 in

CD 614017-E2 to a high of 0.036 in CD 614030 (figure 8-19).

During pressurized chilldown the heat input rate for all sections of the system

was calculated from flowrate and temperature data. The heat input rate in

section 1 ranged from 6,600 Btu/hr during CD 614017-E2 to 13,300 Btu/hr during

CD 614030. In section 2 the heat input rate ranged from 16,200 Btu/hr during

CD 614017-E2 to 24,300 Btu/hr during CD 614030. In section 3 the heat input

rate ranged from 7,500 Btu/hr during CD 614025 to 27,000 Btu/hr during

CD 614017-E2. The total heat input rates for pressurized chilldown were

42,500 Btu/hr during CD 614025 to 56,000 Btu/hr during CD 614030.

During unpressurized chilldown, the heat input rate was calculated the same

way as during pressurized chilldown for section 1 where subcooled llquJd

existed. This same method was used for section 2, although the LH2 became

saturated in this section. Because the bleed valve temperature was higher

than the engine interface temperature, it was assumed that the saturation

point was near the downstream end of the section. The heat input to section 3

went entirely toward vaporizing the LH2 and was calculated from the average

quality.

During unpressurized chilldown, the heat input rate to section i ranged from

8,800 Btu/hr during CD 614017-E2 to 13,600 Btu/hr during CD 614030. The heat

input rate in section 2 ranged from 6,200 Btu/hr during CD 614030 to

12,450 Btu/hr during CD 614017-E2. The heat input rate in section 3 ranged

from 16,700 Btu/hr during CD 614017-E2 to 24,200 Btu/hr during CD 614030.

The total heat input rates during unpressurized chilldown ranged from a low of

37,800 Btu/hr during CD 614014 to a high of 44,000 Btu/hr during CD 614030.
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The heat up rate at the engine interface from the end of chilldown (opening

of the prevalve) to engine start varied from 4.6 deg R/min during CD 614025

to 6.0 deg R/min during CD 614017-E2. The average value was 5.2 deg R/min.

8.2.2 S-IVB/V

The S-IVB/V chilldown tests (CD 614034 to 614044) were initiated with the

ducts and hardware warm and dry. For the first burn chilldown tests, the LH2

tank was loaded with the prevalve closed. For the second burn chilldown

tests, the suction duct was purged with ambient helium during the simulated

coast period to warmup the hardware. For first burn the LH2 tank was pres-

surized before the chilldown pump was started. For second burn chilldown,

the chilldown pump was started and the tank was pressurized 5 min later.

During the first and second burn tests, the initial chill period was marked

by pressure and flow surges caused by vaporization of the LH2, except during

the first burn of CD 614034 when the LH2 duct was filled prior to the start

of chilldown. The vapor formation caused the pressure in the suction duct to

increase rapidly and forced the check valve in the bypass line to close, thus

halting the flow. After the pressure was relieved through the return llne

to the tank, the flowmeter registered off-scale at 160 gpm and the flow once

again proceeded through the system.

For the first burn tests during which chilldown was started after the tank was

pressurized, the engine LH2 pump inlet pressure and temperature and the bleed

valve temperature cycled for 1.5 to 2 min and then steadied out at a saturated

condition (figure 8-20). The LH2 became subcooled at the engine interface

3 to 3.5 min after the start of chilldown and at the bleed valve 1.5 min

later. Shortly after the LH2 at the engine interface became subcooled, the

engine interface pressure and temperature were within the engine start require-

ments. At engine start, the available NPSH at the engine interface was well

above the minimum requirement. The ll-min chilldown used for the first burn

was more than adequate for reaching start requirements under ground conditions,

which were more severe than the conditions that will be encountered during

orbital chilldown. Therefore, it appears that orbital chilldown can be

successfully accomplished within the 5-min period allotted in the present

flight sequence.
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The advantage of starting chilldown with the LH2 tank pressurized is apparent

when the second burn chilldown tests are compared with those of first burn.

During the second burn chilldown tests, the engine pump inlet and bleed valve

temperatures and engine interface pressure cycled throughout the unpressurized

portion of chilldown with the temperatures continually decreasing. Shortly
P

before prepressurization, both the engine interface and bleed valve conditions

were saturated. At the completion of prepressurization, the fluid at the

engine interface became subcooled, and the fluid at the bleed valve became

subcooled a short time later. Engine interface start requirements were met

very soon after prepressurization (figure 8-21). The 10-min second burn

chilldown was more than adequate under the conditions which existed at the

time of the test.

Table 8-9 presents a summary of the fuel system chilldown tests.

8.3 Engine LH2 Supply

The LH2 was supplied to the engine in a satisfactory condition during all the

firings of the S-IVB/IB and S-IVB/V battleship test programs. During these

tests, the engine interface pressure and temperature were such that the

available NPSH exceeded the minimum requirement throughout engine firing.

8.3.1 S-IVB/IB

During firing, the engine interface pressure followed the ullage pressure

while generally decreasing with respect to the ullage pressure due to decrease

of liquid head as the LH2 was consumed. The engine interface temperature

decreased during the start transient, steadied out, then increased with time

due to heating of the LH2 in the tank.

The engine interface pressure and temperature data were used in a Fortran

computer program to calculate the available NPSH during engine firing. A

constant term was used for the dynamic pressure since the program was not yet

able to calculate dynamic pressure from engine flowrate and pump discharge

conditions. The available NPSH was calculated for CD 614009, 614010, 614025,

614028, and 614030. Typical results are shown in figures 8-23 and 8-24 and

are briefly summarized in table 8-10. It can be seen that the available NPSH

at the engine interface was above the required minimum throughout the firings.

The pressure drop (figure 8-24) in the suction duct was calculated from ullage
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pressure, engine interface pressure and temperature, PU probe mass, pump

discharge pressure and temperature, and engine flowrate. The pressure drop

was calculated for CD 61400, 614009, 614010, 614023, 614025, 614028, and

614030 and averaged 1.13 psi as compared with the originally predicted value

of 1.76 psi.

The engine interface temperatures during CD 614010, 614020, 614023, 614024,

614025, 614028, and 614030 were normalized by shifting them so that their

initial steady-state temperatures were the same. These normalized

temperatures were then plotted against the mass remaining in the LH2

tank. This plot (figure 8-25) shows that the data from all seven

tests agree very closely, which indicates that the heat input to the

tank and the LH2 stratification pattern during engine firing were very

similar during the different tests.

Figure 8-26 presents the engine inlet parameters for both engines plotted

within their respective operating regions and shows satisfactory operation

of the LH2 supply systems.

8.3.2 S-IVB/V

The LH2 was supplied to the engine in a satisfactory condition throughout first

and second burn for all three of the S-IVB/V countdowns evaluated (CD 614034,

614043, and 614044). The first burn tests consisted of 170-sec firings with

planned cutoff. The second burn tests ran until cutoff was necessitated

by propellant depletion (approximately the 1 percent level). The duration of

second burn varied with EMR and mass remaining in the tanks at second burn

engine start.

During these tests, the engine pump inlet pressure followed the ullage pressure

while decreasing slightly due to loss of liquid head as the LH2 was consumed.

The engine interface temperatures decreased during the start transient,

stabilized, and then increased with time due to the heatinE of the LH2 in the

tank. (Figures 8-27 and 8-28 present typical S-IVB/V operating data.)

The available NPSH at the engine interface exceeded the minimum required

value throughout both first and second burns of all three countdowns

(table 8-11). The NPSH increased just after engine start mainly due to the
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decrease in temperature at the engine interface during this time. The NPS_

then followed the ullage pressure while generally decreasing with time due

to the decrease in liquid head and the increase in engine interface

temperature whieh resulted from the heat input to the LH2 tank during

firing.
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COUNTDOWN 614023 614028 614030
ii

Type of Prepress.

Prepress. Supply

Initial Ullage Press.

(psia)

Final Ullage Press. (psla)

Time Before Sim. Liftoff

When Prepress. was

Initiated (sec)

Time to Prepress (sec)

Ullage Press. at Engine

Start (psia)

Ullage Temperature at

Start of Prepress.

101% Level (°R)

Ullage Temperature at

End of Prepress.

101% Level (°R)

Ullage Temp. at ESC (°R)

Ullage Vol. (ft3)

Max. GSE Prepress. Orifice

Inlet Temp (°R)

Min. GSE Prepress. Orifice

Inlet Temp (°R)

Max. Helium Flowrate

(ibm/sec)

Min. Helium Flowrate

(ibm/sec)

Total Helium Flow (ibm)

Cold Helium

Normal GSE Supply

16.2

32.8

SLO -200

33

33.4

44

65

!

104

1,719

115

71

0.88

0.77

29

Cold Helium

Normal GSE Supply

17.2

34.2

SIX) -170

30

36.4

49

77

126

1,609

99

71

0.85

0.73

24.4

Cold Helium

Normal GSE Supply

17.2

33.7

SLO -170

30

34.7

58

75

119

z _

1,519

102

71

0.85

- 0.73

22.8

,{ •

NOTE: Data from CD 614025 was omitted since the GSE hydrogen purge system of

ambient GH2 was used instead of helium to prepressurlze the LH2 tank.
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TABLE 8-2

S-IVB/IB LH2 TANK PRESSURIZATION SYSTEM,PERFORMANCE DATA

(ENGINE J-2003)

5O

,o

20
0 100 200 300 400 500

TIME FROM ENGINE START COMMAND (SEC)

DESCRIPTION

Pressure Range to "Start" Command

(psia)

Ullage Pressure Range from "Start"

to "Step" Command (psla)

Pressurization Module "Control Mode"

Valve Opens (psia)

Control Mode Valve Closes (psia)

Time to Reach 39 psi from Step Command
(sec)

Ullage Pressure at Engine Cutoff

(psia)

Average Ullage Gas Temperature at

Start (°R)

Average Ullage Gas Temperature at

Cutoff (°R)

"Undercontrol" GH2 Flow (ibm/sec)

"Overcontrol" GH2 Flow (ibm/sec)

"Step" GH2 Flow (ibm/sec)

REFERENCE

SYMBOL

A

B

C

D

E

F

CD 614010

40.7

40.7 to 28.8

28.8

30.6, 30.3

148

7O

70

125

0.5

0.98

1.25

CD 614009

40.5

40.0 to 30.2

28

Run Cutoff

Before Reaching

39 psia

N/A

-N/A
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S-IVB/iB GH2 FLOWRATES
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PARAMETER

Undercontrol

Overcontrol

Step

CALCULATED FROM TEST DATA - CD 614010

AT ACTUAL T - 130" R
gas

0.5 lbm/sec

0.98 lbm/sec

1.29 lbm/sec

AT T = 200 ° R
gas

(for comparison)

0.4 lbm/sec

0.79 lbm/sec

0.96 lbm/eec

PREDICTED FOR

l

T " 200" R
gas

0.35 Ibm/sec

0.8 ibm/sec

1.2 Ibm/sec

Table 8-3
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TABLE 8-4

S-IVB/IB LH2 TANK PRESSURIZATION SYSTEM PERFORMANCE DATA

(ENGINE J-2013)

50¸

r%

<

U_
40,

_J

_ 3d

O.

20
0

LH2 TANK ULLAGE PRESSURE CURVE SHOWING ! I

" " ..-.-.---I--CD 614025J

I I_ _ I I I CD61_02Sl
I I c I I--- E-I----I I CD614028I

CD 614030

100 200 300 400 500

TIME FROH ENGINE START CCPPtN_D (SEC)

DESCRIPTION

Pressure Range to "Start" Command

Ullage Pressure Range from "Start"

to "Step" Command

Pressurization Module "Overcontrol"

Valve Opens

Overcontrol Mode Valve Closes

Time ,to Reach 39 psia from Step

Command

Ullage Pressure at Engine Cutoff

Average Ullage Gas Temp at Start

Average Ullage Gas Temp at Cutoff

"Undercontrol" GH2 Flow

"Overcontrol" GH2 Flow

"Step Mode" GH2 Flow

REFERENCE SYMBOL

A

B

C

D

E

F

PERFORMANCE DATA

33.4 to 37.0 psia

29.1 to 38.7 psia

29.5 psia

30.7 psia

70 to 96 sec

41.7 to 43.2 psia

70 ° R

152 ° R

0.40 to 0.46 Ibm/sec

0.86 (constant) ibm/sec

1.09 to 1.22 Ibm/sec
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COUNTDOWN

614023

614025

614028

614030

TABLE 8-5

S-IVB/IB ENGINE MIXTURE RATIO DATA

ENGINE

BURNTIME

472 8ec

509 8ec

374 sec

495 sec

Section 8

Fuel System

ENGINE

MIXTURE RATIO

High EMR for I00 sec

Low EMR for I00 sec

High EMR for i00 sec

Low EMR for 25 to 50 sec

Table 8-5
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S-IVB/IB LH2
TABLE 8-7

PRESSURIZATION MODULE DATA

MODULE EFFECTIVE

AREA (in. 2)

COUNTDOWN

614009

614010

614023

614025

614028

614030

UNDER

CONTROL

0.054

0.054

0.054

0.054

OVER

CONTROL

0.114

0.114

0.114

0.114

, i

STEP

0.146

0.146

0.146

0.146

ORIFICE AREA

(in. 2)

UNDER

CONTROL
l

m

0.057

0.057

0.057

0.057

OVER

CONTROL

O. 141

0.141

O. 141

O. 141

STEP

0.149

0.149

0.149

0.149

ENGINE

,(REF)

J2003

J2003

J2013

J2013

J2013

J2013
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TABLE8-9

S-IVB/V LH2 PUMP CHILLDOWN DATA

PARAMETER

Length of Chilldown (mln)

Start Chilldown Pump at

ESC (sec)

Start Pressurization

at ESC (sec)

Maximum Engine Interface

Pressurization During

Transient Surges (psia)

Engine Interface

Pressurization at ESC

(psia)

Engine Interface

Temperature at ESC (°R)

Available NPSH at ESC

(psi)

Required NPSH at ESC

(psi)

Heat Up Rate at Engine

Interface at End of

Chilldown (°R/min)

CD 614034

2nd Burn

10

-590

-280

57

40.4

39.55

CD 614043

ist Burn

ii

-680

-7O5

80

39.6

39.5

Section 8

Fuel System

CD 614044

16.8 16.2

8.6 8.6

8.0 8.5

2nd Burn

i0

-585

-28O

55

39.2

39.3

16.5

8.6

15.4

Is t Burn

11

-680

-705

80

39.6

39.7

15.5

8.6

12.9

2nd Burn

10

-585

-285

52

38.2

39.0

16.5

8.6

15.0

Table 8-9

21 February 1966
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TABLE 8-10

S-IVB/IB LH2 NPSH

F I
PARAMETER CD 614009 CD 614010 CD 614025 CD 614028JCD 614030

Maximum Available NPSH (psi) 23.0 25.0 21.0 20.2

Minimum Available NPSH (psi) 10.4 9.0 10.3 11.3

Minimum Required NPSH (psi)

Number of Cycles

8 8 6 at EMR- 5.0:1

7 at EMR- 5.5:1

20.5

10.4

1 1

TABLE 8-11

S-IVB/V LH2 NPSH

CD 614034 CD 614043 CD 614044

PARAMETER 1st Burn 2nd Burn ist Burn 2nd Burn

_aximum Available

NPSH (psi)

Minimum Available

NPSH (psi)

Minimum Required

NPSH (psi)

No. of Cycles

Is t Burn

21.7

9.3

26 26

12.5 15.8

25

13.8

6 psi at EMR ffi5.0:0

7 psi at EMR = 5.5:0

2 0 0

25

15

1

j-

21 February 1966

238 Table 8-10, Table 8-11
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LH2 ULLAGE TEMPERATURES
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Section 9

Pneumatic Control and Purge System

PNEUMATIC CONTROL AND PURGE SYSTEM

The pneumatic control and purge system performed satisfactorily, and provided

the helium required to operate the stage pneumatic power control valves and

to accomplish purging operat£onJ and leakase makeup.
t

9.1 S-IVB/IB

Because of regulator problems in the pneumatic power control module during

the early cold flow tests, the module was removed for rework and was not

available during the S-IVB/IB tests. For these tests the pneumatic control

system was supplied with ambient helium at 500 psla from the GSE (ground

support equipment). The pneumatic power control sphere pressure was main-

tained at 500 psla throughout a test by continually supplied helium from the

GSE. The LOX chilldown recirculation motor container purge and the turbopump

purge were adequate.

9.2 S-IVB/V

Prior to the initiation of the S-IVB/V battleship tests, the pneumatic power

control module rework was completed and it was reinstalled. The pneumatic

system, and the pneumatic power control module in particular, performed

satisfactorily throughout the S-IVB/V test program. Table 9-i presents the

pneumatic control and purge system data that were obtained from CD 614044,

which is typical of the data obtained during all S-IVB/V battleship tests.

9.2.1 Ambient Helium Supply

For CD 614044, the pneumatic power control sphere pressure was 2,937 psia at

first burn ESC (Engine Start Command), and the pressure decreased to

2,866 psia by ECO (Engine Cutoff). The corresponding second burn sphere

pressures were 2,343 psia at ESC and 2,273 psia at ECO. The sphere tempera-

tures were constant at 556 and 536 deg R during first and second burns,

respectively.

Table 9-1 indicates that the mass of helium used during the 360 sec duration

second burn was approximately the same as that used during the 171 sec

duration first burn. This apparent discrepancy is attributable to instrumen-

tation inaccuracies which did not allow accurate caluclation of the small

changes in helium mass which occurred during the firings.

show the expected small usage of helium.

21 February 1966

However, these data
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9.2.2 Pneumatic Control and Regulation

The pneumatic power control regulator operation was satisfactory, and it

exhibited a normal output of 474 to 478 psla. A momentary pressure decrease

to 429 psia occurred in the pneumatic system when the chilldown shutoff valves

were closed at engine start. When the chilldown shutoff valves are closed,

the momentary drain on the pneumatic system reduces the pneumatic line pres-

sure below the minimum requirement of 465 psia. However, since the system

recovers within 2 to 3 sec, this operation was acceptable.

A similar pressure decrease occurred on the S-IV stage during periods of high

demand and was considered to be normal.

9.2.3 Ambient Helium Purges

The pneumatic power control sphere supplied helium to pressurize and purge the

LOX chilldown recirculation motor container. The LOX chilldown motor purge

control module operation was completely satisfactory during all firings.

The turbopump purge supply pressure was 6 psi below the allowable minimum of

82 psia because the control orifice in the turbopump purge control module was

slightly undersized. This condition had no serious effect on the turbopump

purge, and it can be corrected by a properly sized control orifice.

272
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TABLE 9-1

PNEUMATIC CONTROL AND PURGE SYSTEM DATA (S-IVB/V)

PARAMETER

Pneumatic Control Sphere Pressure

at ESC (psia)

Pneumatic Control Sphere Temperature

at ESC (°R)

Helium Mass in Sphere at ESC (Ibm)

Pneumatic Power Control Regulator

Output Pressure Band (psia)

Pneumatic Power Control Regulator

Minimum Transient Pressure at Time

of Closing Chilldown Shutoff Valve

(psia)

LOX Chilldown Recirculation Motor

Container Pressure (psia)

Engine Turbopump Purge Supply

Pressure (psia)

Pneumatic Control Sphere Pressure

at ECO (psia)

Pneumatic Control Sphere Temperature

at ECO (°R)

Helium Mass in Sphere at ECO (ibm)

Helium Mass Used (Ibm)

Burn Time (sec)

CD 614004

DESIGN

475 +__25psig*

51 +2

87 +5

FIRST BURN
, [,

2,937

556

7.85

474 to 476

429**

53

76

2,866

556

7.66

0.19

_71

SECOND BURN

2,343

536

7.06

474 to 478

429**

51

2,273

536

6.85

0.21

360

*490 +__25psia at sea level

**Pressure recovered within 2 sec (acceptable)

k_

21 February 1966

Table 9-1 2 7 3
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10.

Section 10

Environmental Control System

Environmental Control System

i0.i General Performance

The only ECS (environmental control system) that was operated during the

battleship test was the aft purge and thermal conditioning system_ The

absence of the forward skirt assembly prevented the evaluation of the

forward skirt thermal conditioning panels or the forward purge system

which will be used during acceptance firings.

The object of the aft ECS was to purge the aft skirt and thrust cone areas,

while maintaining an environment that was compatible with design requirements

of the components installed in the areas. Design analysis established a

flow of 16,000 ib/hr of air or GN2 and a temperature at the umbilical inlet

of 150 deg F maximum.

ECS model 326 is used to supply gas to the aft skirt ECS and has the

capability of delivering either heated air or GN2 to the interstage depending

on the mode of operation for each test phase.

During battleship testing, several changes were made in the routing of air

or GN2. Most of the changes were peculiar only to the Sacramento Test Center,

and were made because the tests were performed without the aft interstage.

Because of the absence of the aft interstage, the components in the aft skirt

and aft interstage area were not in an inert atmosphere during either

cryogenic loading or static firing. Also, some of the components were not

flight configurated and consequently were unable to withstand the cold

temperatures experienced in the thrust cone area.

Throughout battleship testing, the performance of the Model 326 system was

trouble free, except for the fact that the thermo-switches in the heaters

overheated. The thermo-switches gave _o further problems after the set

point was re-adjusted.

The aft skirt environmental control sensors are the contrbl instrumentation

for the environmental control system. The specified control temperature

range was 87 +__5deg F. The ECS Model 326 does not have the capability of

cooling the air/GH2. Therefore, in order to successfully complete a static

firing with ambient temperatures in excess of i00 deg F , the sensors control

limits were changed to a minimum of 82 deg F and a maximum of 125 deg F.
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The aft skirt and interstage was instrumented to evaluate the objectives of

the test. The locations of the temperature sensors are indicated on the

individual graphs that illustrate the test results (figures i0-I and 10-2).

The oxygen content was determined by oxygen analyzers. Sampling tubes were

installed in the purged area at the location shown in figure i0-3.' Fifteen

sample tubes were used for direct readout by the Model 778 Beckman Oxygen

Analyzers; two sample tubes were used for the remote block house readout by

the Model F3 Beckman Oxygen Analyzers.

Prior to conducting the purge test, a duct flow balance test was performed.

Excessive leakage around the manifold, made it necessary to seal fifteen

of the manifold orifices to achieve proper flow through the APS ducts and the

thrust structure duct. Flow balances were then established, and were as

shown in table i0-i.

10.2.2 Aft Interstage Test

lhe first attempt to perform the purge test of CD 614031 was aborted when

it was noted that the oxygen analyzer meter was being read incorrectly. The

test was recycled by flowing air into the environmental enclosure, bringing

the oxygen content to 20.5 percent.

The first run was a full duration run of 30 min. The aft interstage area

was purged to the 4 percent oxygen content level in approximately 2.5 min,

except for the area inside the engine thrust chamber which took approximately

4 min. During the evacuation portion of this test it was noted that air did

not disperse the GN2 from the engine thrust chamber area very rapidly. A

portable blower was used to evacuate the GN2 and bring the oxygen content

level back to 20.5 percent. Because the portable blower was not used in the

engine thrust chamber after the aborted run, all of the GN2 was not evacuated

from this area before starting run i. This accounts for the difference in the

evacuation rate of air in the engine thrust chamber area between run I and

runs 2 and 3. During the run, the differential pressure instrumentation

malfunctioned and it was impossible to determine the flow used for this run.

However, the pressure inside the environmental enclosure was maintained at

i.i in. of water during the entire cycle of air to GN2 and back to air.
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During the second attempt at a static firing (CD 614035) of the S-IVB/V

conflgurated battleship, a fire occurred in the thrust cone area. Combustible

gases drifted into the thrust cone and were eventually set aflame. Corrective

action was to seal all openings in the thrust cone, and to install an addit-

ional purge line to provide more flow to the thrust cone. This was done to

insure an inert atmosphere, and a positive pressure in the thrust cone. An

impingement curtain was also installed from the aft sklrt/aft interstage

interface across to the LOX tank/thrust cone Junction point and went 360 deg

around the vehicle. This installation enclosed the electrical equipment and

provided the capability of malnf_inlng a positive pressure and an inert

environment in thls area. By insuring an inert atmosphere, the chances of

fire in the thrust cone and electrical equipment areas were greatly decreased.

Later static firings were conducted without incidents.

10.2 Aft Interstage Environmental Tests

10.2.1 History

The aft Interstage environmental tests were conducted to verify three objec-

tives and satisfy the qualification requirements for the system. The three

test objectives were: (i) verify that the system could adequately purge

the aft skirt and interstage area to an oxygen content level of 4 percent by

volume, or less, in a reasonable time, (2) verify that the aft skirt and

interstage thermo-conditlonlng and purge system could maintain the temperature

of all electronic equipment mounted on the aft skirt within their correct

operating ranges, and (3) verify that during S-IVB/V operation, the environ-

ment of the helium sphere, used for purging the propellant pumps seal

cavities, could be controlled adequately with respect to maintaining its en-

closure outlet temperature above 77 deg F.

The aft interstage environmental tests were authorized by Test Request 1034

and were performed in countdowns 614031 and 614032 from May iI_ 1965 through

May 14, 1965.

The battleship vehicle was used in the S-IVB/IB configuration and was modified

to the S-IVB/V configuration by adding the ambient helium sphere. A flame

impingement curtain was installed. The model 541 environmental enclosure was

installed to simulate the S-IVB/IB aft interstage.
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The second run was made after an effort was made to correct the differential

pressure instrumentation problems. GN2 flow during this run varied from

15,800 to 16,700 ibm/hr. Environmental enclosure pressure was maintained

between 1.0 to i.I in. water. From data obtained during the first run, the

length of the second run was shortened to 10 min for GN2 purge and 10 min for

air purge. The environmental enclosure was purged to the 4 percent oxygen

content level in approximately 2 min and 45 sec, except for the sample port

located inside the environmental enclosure between fin plane III and IV, at

DAC station 42.00, which required approximately 3 min and i0 sec to reach

the critical 4 percent oxygen content level. The second exception was again

the engine thrust chamber area, which required 4 min and 20 see to reach the

4 percent oxygen content level. Within the i0 min of air purge all analyzers

returned to the 20.5 percent oxygen content, except for the engine thrust

chamber area, which again required using the portable blower to evacuate the

GN2.

The third run was made with approximately the same conditions that existed

during run 2. The time required to purge the environmental enclosure was

2 min and 55 sec to the critical 4 percent oxygen content level, except for

the engine thrust chamber area which required 4 min and 30 sec to reach the

4 percent oxygen content level. Within the i0 min of air purge, all analyzers

again returned to 20.5 percent oxygen content, except for the engine thrust

chamber area.

10.2.3 Thermal Verification and Helium Sphere Conditioning Tests

After the purge test, the helium sphere shroud duct was installed and another

flow distribution check was run. To bring the flow to the helium sphere up

to required flow it was necessary to change a 1.75 in. hole to a i.i in. hole

by installing an orifice plate (see table I0-i for balances). The thermal

verification test and helium sphere conditioning test were performed

simultaneously.

Countdown 614031 was continued on May 13, 1965. The model 326 environmental

blower was flowing approximately 17,200 ibm/hr of air into the environmental

enclosure, and maintaining approximately 0.98 in. of water pressure. The

flow was switched from air to GN2. Instrumentation noise made it impossible

280

21 February 1966



Section 10

Environmental Control System

to determine the exact flow of GN2 into the aft interstage, however, the

dome regulator pressure was maintained to give approximately 16,000 ibm/hr

flow. Fifteen minutes later, LOX transfer was initiated. Shortly thereafter,

trouble began to develop in the GN2 system and it became necessary to switch

from GN2 back to air. With some LOX on board, the moisture in the' air

immediately began forming frost on the LOX tank, which invalidated the data

taken during the thermal portion of the countdown, making it necessary to

rerun the test.

After repairs were made to the GN2 system, the test was rerun on May 14,

1965, and designated CD 614032. This test was performed with strict adherence

to the requirements of the thermal verification objectives, which consisted

of a GN2 purge of the aft interstage for approximately 30 min prior to

loading LOX, a minimum requirement of 60 percent LOX and 20 percent LH2, and

a temperature stabilization period of approximately i hr after loading,

before starting a normal engine chilldown test. GN2 flow varied between

15,000 and 16,200 ibm/hr throughout the test. The APS outlet temperatures,

the controlling temperatures for the test, were maintained at 87 +5 deg F.

At the conclusion of engine chilldown, the GN2 flow was shut off for 2 mln

and 9 sec. The flow was then resumed and maintained until after vehicle

de-tanklng. After de-tanking, air was substituted for GN2 during the

balance of securing operations.

10.2.4 Test Results

The data of the purge test taken during the third run are similar to the

data taken during the other two runs. This data are shown in figure 10-4.

The calculated evacuation rate of air was made assuming (i) perfect gas

mixing (2) zero leakage of air into the interstage and (3) a GN2 flowrate

of 16,000 Ibm/hr. The calculated rate indicated the 4 percent oxygen

content level would be obtained in 3 min. Test results showed the level

was reached in less than 3 min. This indicated that (I) little mixing

occurred during the initial period of the purge and (2) the GN2 flow was

a blanket effect that pushed the air from the interstage.
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The results of the helium sphere conditioning test are shown in figure I0-I.

The outlet temperature of the helium sphere enclosure remained above the

design minimum of 77 deg F until chilldown was initiated at 11:20 A.M.,

when it decreased to 72 deg F. The 5 deg F below design minimum would not

hinder the function of the helium sphere.

The results of the thermal verification test are shown in figures I0-i and

10-2. Throughout the test, the APS outlet temperatures were within the

design limits of 87 _5 deg F. The temperature of APS I was slightly

cooler than that of APS III. This lower temperature was typical of most of

the temperatures measured on the fin plane I side of the manifold.

The baffle opposite the umbilicalseparated the manifold into two sides.

The minimum gas temperatures at the electronic equipment of the fin plane III

side of the manifold varied from 64 deg F nearest the umbilical inlet to

37 deg F nearest the baffle; the manifold gas temperature throughout the

test varied between 87 and 105 deg F for this side. The minimum gas

temperature at the electronic equipment on the fin plane I side of the

manifold was between 40 and 43 deg F. The manifold gas temperature through-

out the test varied between 85 and 105 deg F for this side.

Although no critical temperature was reached near the electronic equipment,

a more balanced temperature around the manifold would have been obtained if

it was not necessary to seal the fifteen manifold orifices and the manifold

was free from leakage.

Figure 10-2 shows the typical temperature observed during the thermal

verification test. Gas temperature denoted by measurement number C-0563 was

the temperature near the electronic equipment that reflects the 37 deg F

noted. The temperature of the gas at the enclosure vents was measurement

number C-0765. As the data indicated, the critical period of the test

occurred during engine chilldown which occurred at 11:20 A.M. The lowest gas

temperature recorded was -125 deg F. The sensor was located aL the bottom

of the enclosure directly below the edge of the engine thrust chamber.
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TYP. TUBE
LOCATION AND

PETER

A1 E1 DAC STA 227.000

DAC STA 155.000

----DAC STA 62.000

-----DAC STA 42.000

TO

HELIUM SPHERE

APS SIMULATOR

C2

R1 R2

II

E3

I E2 D3 D1 I
D2 C1 A2 E1

IFOLD INLET

SIMULATOR

A3 R2

THRUST STRUCTURE BAFFLE
OUTLET IV

Figure i0-3 Purge Test Sample Tube Locations
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Propellant Utilization System

iI. PROPELLANT UTILIZATION SYSTEM

The PU system functioned properly on all battleship firings. For the most

part, the propellant mass as determined from the PU system, level sensors,

and flow integral analyses showed good repeatability and was within the

accuracies of the analysis involved. The countdowns analyzed were 614023,

614025, and 614030, which were all S-IVB/IB firings. Results of S-IVB/V

firings are not presented because of insufficient data.

ii.i Propellant Mass History

The propellant mass values presented in table ll-i are a comparison between

flow integral, level sensors, and the indicated PU system mass. The PU

system calibration was not changed for the three countdowns; however, it was

apparent that a calibration shift may have occurred for CD 614030. The

other two countdowns showed excellent agreement with the level sensors. The

LOX residuals as determined from the PU system agree well with those deter-

mined by the level sensors; however, the LH2 residuals differed slgnificantly

from the level sensor residuals. The possible reasons for these deviations

are that the empty capacitance could not be determined accurately for the

battleship firings, the tank-to-sensor mismatch at the lower end of the LH2

mass sensor was severe, and the possible inaccuracy of the level sensors.

The tank-to-sensor mismatch can be seen by the reaction of the PU valve at

the end of the firings (figure ii-i).

A comparison of the three analysis for the battleship countdowns evaluated

indicated that the maximum full load deviation between the flow integral

results and the PU and point level sensor analysis was i.i percent for LOX

(CD 614025) and 1.2 percent for LH2 (CD 614030). The maximum deviation of

flow integral results from either PU or point level sensor analysis for the

remaining two test results was 0.5 percent for the LOX and 0.8 percent for

LH2. Applying the full load accuracies of the PU (I.0 percent) and point

level sensor (0.3 percent) analysis to the deviations, the flow integral

results are approximately the desired 1.O percent accuracy for the battleship

evaluation. This is particularly noteworthy in that the battleship flow

integral evaluation was based entirely upon the influence coefficient

technique. For flight stages, the total flow integral evaluation is based

upon the combined results of engine influence coefficient analysis, injector

21 February 1966

291



Section II
Propellant Utilization System

differential pressure computer program, and flowmeter data evaluation.

However, the battleship flow integral evaluation was limited by the

unavailability of usable flowmeter data and the noncompletion of the in-

jector differential pressure computer program at the time of evaluation.
%

The level sensors demonstrated good repeatability from firing to firing;

however, the mass values determined from two of the LOX level sensors

(L-0500 and L-O010) were evidently in error. This could be caused by

inaccurate measurement of the level sensor position. Table 11-2 presents

the level sensor analysis with calculated repeatability and accuracy.

11.2 Closed Loop System Performance

11.2.1 Mass Sensor Non-Linearities

The mass sensor non-linearities were determined by comparing the PU system

mass to the flow integral mass. The LOX mass sensor non-llnearlty

(figure 11-2) trends and magnitudes were repeatable within the accuracies

of the analyses for all three tests. However, the LH2 mass sensor non-

linearity (figure 11-3) for one of the tests differed in magnitude but was

similar in trend with the other two.

11.2.2 Dynamic Response

The actual PU valve time histories for countdowns 614023, 614025, and 614030

are shown in figure ii-i. The valve oscillations after cutback are due to

sensor non-linearities. The sensor non-linearitles are a combination of

manufacturing non-llnearitles and sensor-to-tank mismatch; the sum of these

is shown in figure 11-2 for LOX and figure 11-3 for LH2. The low frequency

valve oscillations are due to sensor-to-tank mismatch, while the higher

frequency oscillations are due to sensor manufacturing non-linearities.

The repeatability of the valve oscillations and the derived sensor non-

linearities verifies system repeatability.

Simulation PU valve time histories shown in figure ii-i utilize the derived

sensor non-linearities, actual loadlngs, and actual calibration and are

compared with the actual time histories. The simulated summing point error
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time histories are compared with the actual time histories in figure 11-4.

The simulated valve position time histories and error signal time

histories closely approximate the actual response.

11.2.3 PU Efficiency

The PU efficiency and the propellants remaining at depletion for the three

tests analyzed are presented in the following table. These are based upon

the residuals of each test and the propellant flowrates at engine cutoff

to the depletion of either propellant.

Item

PU

Efficiency

(Percent)

Propellant

Residual at

Depletion

(Ibm)

PU EFFICIENCY

CD 614023

99.85

337 (LOX)

CD 614025

99.79

447 (LOX)

CD 614030

99.79

452 (LOX)
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12. DATA ACQUISITION SYSTEM

12.1 Instrumentation Performance

The data acquisition system for battleship testing consisted of all

parameters hardwlred to a GIS (ground instrumentation system) where the

signals were conditioned, when required, and recorded on magnetic tape.

The recording system consisted of digital and constant bandwidth FM. Strip

charts were provided for real time display of redline and cutoff parameters.

No telemetry system was utilized on the battleship program,

Operation of the GIS was satisfactory, as shown by the 95.5 percent valid

data acquisition presented in table 12-I. The information in this table

is for the last countdown of the chilldown tests and all S-IVB/IB and

S-IVB/V system development firings. Minor problems were experienced with

patching and set-up of the GIS, however, these were considerably reduced

as testing progressed.

The only major problem associated with the instrumentation was in the case

of some pressure transducers in the ground support and facility equipment

that were replaced with new designs for the following reasons:

a. Case burst pressure inadequate for all ranges above 1,000 psia.

b. Contamination due to the possibility of the silicone oil, which

is used as a damping fluid, getting into the measured media in I_

the case of a ruptured diaphram. An explosion could result if

the oil combined with liquid oxygen.

c. Freezing of silicone oil temperatures less than -100 deg F

making the transducer inoperative.

The only instrumentation used on the battleship stage that is common to

flight stages are the transducers, since all signal conditioning was done

in the ground equipment and there was no telemetering. No problems were

experienced with the battleship stage instrumentation that would affect

intended usage on the flight stages.
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TABLE 12-1

GROUND INSTRUMENTATION SYSTEM PERFORMANCE

PARTIALLY PERCENT
PARAMETER RECORDED BAD

SUCCESSFUL GOOD

Pressures

Temperatures

Stress

Flows

Acoustics

Positions

Voltage/Currents

Accelerations

Events/Switches

Vibration

Miscellaneous

Totals

FM/FM

Strip Chart

Digital

Grand Total

NOTES:

2,098

2,158

69

93

109

187

556

99

5,984

240

230

11,823

1,721

773

3,345

5,839

63

97

0

7

14

4

29

7

mm

29

5

255

106

6

143

63

87

0

2

12

i

62

255*

8

30

15

280

108

30

142

280*

96.9

95.5

I00.0

92.5

87.2

97.9

94.8

92.9

87.9

97.8

93.8

99.3

95.7

95.5

(i) All events were recorded only on a scratch pen event recorder.

(2) Some parameters were recorded on more than one recording system.

(3) Partially successful measurements are Dot included in

calculation of the "percent good."

*Less events

Table 12-1
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Section 13
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ELECTRICAL SYSTEM

13.1 Control System

Operation of the vehicle control system was entirely satisfactory through-

out the battleship testing. The sequencer performance was as expected and

typical times of significant commands and talkbacks are presented in tables

5-1 and 5-2 for the S-IVB/IB and S-IVB/V tests. It should be noted that the

given times are for sequencial references only, and should never be used for

the actual times for any one test.

The S-IVB/IB sequence of events used simulated booster liftoff time (T) as did

the S-IVB/V for first burn• A simulated boost period of approximately 150

sec was used for S-IVB/IB and approximately 540 sec for S-IVB/V. The

S-IVB/V tests then simulated three and one orbits, depending on the test,

before second burn. The reference time for second burn was 13.0 sec after

second burn engine sequence start. The 13.0 sec figure is a nominal time

between engine sequence start and Engine Start Command.

The electrical systems that were not included in the battleship program and

therefore could not be evaluated were the Range Safety, Ullage Rocket

Ignition and Jettison Systems, and APS controls.

13.2 Power System

The electrical power system for the battleship testing consisted of two for-

ward power supplies, two aft power supplies, two inverters for supplying

power to the LOX and LH2 chilldown motors, and a static Inverter/converter.

Forward power supply No. i will provide telemetry system power for flight

stages. Since all instrumentation was hardwired to the GIS, as discussed

in paragraph 12.1, an evaluation of the performance of this power supply

could not be accomplished.

The power supply load profiles shown in figure 13-1 are typical per-

formance curves and are not to be used as specific values for any one test.

The profile trend is similar for S-IVB/IB and both burns of S-IVB/V testing,

therefore, only one set of curves is presented. Following is a discussion

of the operation of the power subsystems.
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13.2.1 Forward Power Supply No. 2

This unit supplies 28 vdc to the PU (propellant utilization) system and the

static inverter/converter. Operation of the power supply was satisfactory,

supplyln 8 2.7 amps prior to enKine ignition increasinE to 3.45 amps after

engine start due to the increased loading when the mass bridge servo-systems

are in operation. While the PU valve was against its stop, the load was

3.6 amps.

13.2.2 Aft Power Supply No. i

This unit supplies 28 vdc to the J-2 engine, sequencer, and various valves

and pressure switches. Operation of this power supply was within ex-

pectations. The current surge to 28 amps at T +90 sec is due to the demands

of the J-2 engine during the start sequence. Current levels during engine

steady-state operation vary between 8 and 12 amps upon the operation of

various valves.

13.2.3 Aft Power Supply No. 2

This unit supplies 56 vdc to the two chilldown inverters and the auxiliary

hydraulic pump. When the auxiliary hydraulic pump is turned on, a transient

of 270 amps is experienced for approximately i00 ms. An increase in current

from 50 amps to 74 amps occurring after the turn-on transient is due to the

pump pressurizing the accumulator. As the accumulator reaches full pressure, .....

the flowrate of the pump is reduced and the current drops to 44 amps. When

the chilldown inverters are turned on, the load increases to 78 amps dropping

to 38 amps when the inverters are turned off just prior to engine ignition.

13.2.4 Chilldown Inverters

The chilldown inverters were not installed for much of the early battleship

program. However, the successful performance of the inverters was demon-

strated during both S-IVB/IB and S-IVB/V testing. The only pro51em noted

was erratic speed indications of the LH2 chilldown pump during special

S-IVB/V chilldown tests. Fluctuations between 5,000 and 15,000 rpm were

further indicated by the chilldown flowrates and pump motor currents.

Analysis showed this not to be in the electrical system, but was caused by
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backflow of gases to the pump, resulting from the LH2 vaporizing after

being pumped into a nonchilled llne. Check valves were installed in the

chilldown valves to prevent the backflow and no further problems in this

area were experienced.

The inverter phase voltages were nominally 52 volts and the phase currents

indicated 35 - 40 amps start transients dropping to i0 - 15 amps during

steady-state operations. The phase frequency was 408 - 410 cps and the

inverter temperature varies between 65 and 85 deg R. All data were

within the expected range.

13.2.5 Static Inverter/Converter

This unit which provides the servo motor reference phase voltage, the

bridge and capacitor reference oven supply voltage and the fine and coarse

mass potentiometer supply voltage, operated satisfactorily as all parameters

were within their prescribed tolerances.
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HYDRAULIC SYSTEM

The performance evaluation of the S-IVB hydraulic system installation during

the battleship firing program is based on system operation during full

duration firings. Of these firings, two were during the S-lVB/IB, development

firing and were designated countdowns 614025 and 614030; two were during

the S-lVB/V development firings and were CD 614043 and CD 614044. The only

hydraulic system failure of the program occurred during CD 614028 and was

the cause of a firing cutoff. An analysis of this failure is discussed in

this section.

14.1 General Performance

The hydraulic system was serviced in accordance with a fill, flush, bleed,

and fluid samples procedure that was similar to the procedure used for

flight stage servicing. The reservoir fluid level was maintained at 85 +_2

percent of full volume prior to each of the firings and did not decrease

below 25 percent during hydraulic pump operation.

The single most important hydraulic variable is the system pressure which

was observed both during the prestart period when only the auxiliary pump

was operating and during the main stage firing when both auxiliary and

engine-driven pumps were operating. All system pressure data were within

the design limits of the pumps and verified compensator pressure settings

previously determined from tests of the pumps.

The reservoir fluid pressure is a 21.6:1 bootstrap ratio of the system

pressure. The reservoir pressure data reflect both this bootstrap ratio

and the friction losses (approximately _i0 psi) of the differential piston

seal. All reservoir pressure readings were within design limits.

The accumulator GN2 pressure was acceptable for all firings even though a

low precharge value (2,255 psia) was noted during CD 614043. This condition

was observed prior to the initiation of the hydraulic system operation but

not being critical was not corrected due to the delay it would produce.

Development tests have indicated satisfactory system operation with pre-

charges of less than 1,800 psia.
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A tabulation of nominal pressure measurements obtained during the successful

system operation firings is presented in table 14-1.

All fluid temperatures were within the design limits. Rise rates were

greater, as expected, during periods of engine gimbaling because of the

increased flow and attendant friction losses. During pump operation, the

hydraulic pump inlet fluid temperature exceeded the reservoir fluid

temperature by a few degrees because the reservoir fluid tended to stratify

near the top of the reservoir due to the larger mass at the top providing

a better heat sink. The reservoir temperature transducer is located at

thetop of the reservoir.

A tabulation of temperatures obtained during the successful system operation

firings is presented in table 14-2.

14.2 Malfunction Analysis and Supporting Information

The hydraulic system operation anomaly that occurred during CD 614028 has been

attributed to a failure in the high pressure relief valve. The disassembly

and examination of this valve revealed that (I) the poppet spring had a

permanent set and (2) the spring cavity adjusting nut had backed off. The

data indicated (I) the poppet was seated during auxiliary pump operation

at 3585 psia (2) the poppet was unseated at engine start with the engine-

driven pump at a higher compensator setting and (3) the unseated poppet

provided a full flow demand in the pumps with system pressure between 3,235

and 3,465 psia.

It is not certain whether unseating of the poppet was caused by the higher

engine-driven pump compensator setting or by the main stage induced vibration.

The important factors are that the spring had a set, the firing was cutoff

at 374 sec and if the firing had been allowed to continue to a full 474 sec

the temperature of the fluid would have reached a temperature of 375 deg F.

Corrective action to this failure is in process. The temperatures obtained

during this failure are included in table 14-2.

14.3 Contamination Analysis

Contamination generation and control was deemed adequate by sampling the

pre and post-fire fluid. There was no indication of contamination build-up
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by system operation during the battleship program. The program and develop-

ment tests have indicated contamination not to be a problem in this hydraulic

system. In fact, the hydraulic system Was not flushed or sampled between

CD 614043 and CD 614044. The sample following the CD 614044 firing showed

no contamination increase over the sample prior to CD 614043. The con-

tamination particle count limits during the battleship program were specified

in MSFC-PROC-166. Based on the observations and data presented, the hydraulic

system installation successfully met the requirement of positioning and

gimbaling the engine in response to simulated guidance commands. The one

anomaly in CD 614028, was the result of a material failure, not concept or

design.

14.4 Hydraulic Servo Actuator Gimballng Tests

A series of transient response and frequency tests were performed on the

S-IVB servo actuators (refer to Section 15) during hot firing and nonfiring

conditions.

The hydraulic system was installed per the flight configuration with the

exception of a series "wishbone type" spring installed between the actuators

and the thrust structure. The spring assemblies were used to simulate the

flight vehicle structure spring rate. This was required since the battleship

thrust structure was of steel construction and therefore a more rigid

assembly than the vehicle. The J-2 engine was per the S-IVB/IB configuration

for CD 614030 and per the S-IVB/V engine configuration for CD 614043.

CD 614030 was a full duration firing lasting 493.5 sec during which time

the engine was gimbaled for 379 sec commencing 26 sec after engine start.

CD 614043, Run No. 4, was a full duration firing consisting of a 170-sec

first burn, a 92-minute coast, and a final 319-sec burn. The engine was

gimbaled 265 sec during the second burn, commencing 35 sec after engine

start.

The method of driving the servo actuators consisted of preprogramming the

servo-command signs on magnetic tape at the desired sinusoidal frequencies,

steps and ramps. A second signal on the command tape was used as a data

timing signal to function as a computer processing indicator to allow time

for the changing command frequencies to settle out between data points.

Command signals and response signals from position, pressure and acceleration
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transducers were recorded on a second magnetic tape and reduced with the aid

of Production ComputerProgram No. K097.

Phase and gain data for the pitch and yaw actuator positions with respect
to the actuator servo signals were plotted in figures 14-1 and 14-2 for

input signals equal to _i/2 and _i deg of engine displacement. The anti-

resonance point indicates the average servo structural resonant frequency,

exclusive of the piston position feedback load path, occurred at 4.57 cps
in the pitch plane and 4.75 cps in the yaw plane. The natural undamped

system frequency was calculated to be 4.07 cps in the pitch plane and
4.23 cps in the yaw plane. The following table presents the servo structural

resonant frequency for each test reported herein.

_i/2 deg

!l deg

CD614030

PITCH
(CPS)

YAW
(CPS)

CD614043

PITCH
(CPS)

YAW
(cPs)

The response frequency of 4.57 cps corresponds to a single degree-of-freedom

equivalent spring rate of i01,000 ibf/in. This resonant frequency was lower

than the measured flight vehicle resonant frequency which for S-IVB-201 stage

was approximately 5.2 cps. The wishbone springs were set to give as high a

spring rate as possible to approach the flight vehicle dynamics. The ambient

spring rate verification tests produced a resonant frequency of 5.8 cps. Data

has thus been obtained on the high and low side of the data obtained from

production vehicles. Even though the battleship servo structural resonant

frequency was on the low side, the results of the tests were valid.

Actuator specification control drawing No. IA66248 allows the closed-loop

frequency response amplitude peaking to be equal to or less than 50 percent

or 3.5 db above the nominal amplitude ratio obtained with command signals

equal to or greater than _I/2 deg of engine displacement for all driving

frequencies. Thus, the engine response data demonstrate that the differential

pressure feedback network built into the servo valves was designed properly

and that it was operating satisfactorily during gimbaling. The specification

control drawing also allows for a phase lag equal to or less than 35 deg up
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to and including i cps for input signals equal to or greater than command

signals of _i/4 deg of engine displacement. Phase lag data could not be

obtained from the accelerometer engine position data at these lower

frequencies because of the above-stated reason. However, the phase lag

using the actuator position data which is very close to the engine position

data at the lower frequencies measured approximately -31 deg for the S-IVB/IB

engine configuration and -26 deg for the S-IVB/V engine configuration.

The following table presents the phase lag measurements taken at or near 1 cps

for each test reported herein.

CD 614030 CD 614032

PITCH YAW PITCH YAW

FREQ PHASE FREQ PHASE FREQ PHASE FREQ PHASE

(CPS) (DEG) (CPS) (DEG) (CPS) (DEG) (CPS) (DEG)

_I/2 deg 1.000 -30.9 1.000 -32.1 1.000 -24.9 ,977 -27.7

_i deg 0.979 -30.6 1.002 -30.9 .969 -24.5 .987 -27.5

Pitch and yaw vehicle mounted position transducers revealed the relative

movement of the vehicle with respect to the Beta i test stand. Two resonant

frequencies are readily apparent at approximately 4.1 and 6.9 cps measured at

the forward and at the aft vehicle skirts. The maximum movement occurred

through resonance and is tabulated in the following table for CD 614043•

Pitch

Pitch

Yaw

Yaw

FORWARD SKIRT AFT SKIRT "I

_1/2 deg SIGNAL _i deg SIGNAL _1/2 deg SIGNAL

FREQ

(cps)

4.1

7.0

4.0

6.9

PEAK

AMPL

(in.

o-P)

.075

.082

.083

.064

FREQ

(cps)

4.2

6.9

4.2

6.8

PEAK

AMPL

(in.

o-P)

,153

.159

.121

•123

PEAK

FREQ AMPL

(cps) (in.

O-P)

4.0

7.1

4.0

6.9

.026

.020

.034

.020

_i deg SIGNAL

PEAK

FREQ AMPL

(cps) (in.

O-P)

4.1 .049

7.0 .045

4.1 .043

6.8 .047
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The structural resonant frequencies are due to the coupling effects between

the vehicle when mounted on a relatively light aft dummy interstage and the

test stand.

The servo actuator differential pressure response curves are plotted in

figure 14-3 for CD 614030 and CD 614043. Pitch data for CD 614043 are not

available due to a malfunction in the AP transducer. Maximum generated

differential pressures were produced through the resonant frequency regions

averaging 2,005 psi at 4.0 cps, 2,144 psi at 4.4 cps_ and 1,103 psi at

7.3 cps for a 1 deg engine command signal.

The series of battleshlp hydraulic actuator engine glmballng tests verified

that the servo control system was functioning properly with adequate response

and with sufficient damping to reduce the closed loop system gain at the

resonant frequencies to acceptance values.
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TABLE 14-1

HYDRAULIC SYSTEM PRESSURES

Countdown

No.

614025

614030

614043

(Burn i)

(Burn 2)

614044

(Burn i)

(Burn 2)

Nominal

Limit

System Pressure (psia)

H, H ., .H.

Aux Aux &

Pump Main

On ly Pump

3,585 3,585

3,590 3,650

3,685

3,700

3,680

3,665

3,550 to

3,700

3,685

3,650

3,680

3,665

3,550 to

3,700

Reservoir

Pressure

(psia)

No Data

175

173

170

169

172

154 to

181

Accumulator*

GN2 Pressure

(psia) at GN2

Temperature (°F)

2,335 at 59

2,325 at 76

2,255 at 69

m

No Data

2350 + 50

at 70

* GN2 conditions prior to pump operation
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15. THRUST VECTOR CONTROL

15.1 General

Engine thrust vector control system tests were conducted on both the

battleship S-IVB/IB and S-IVB/V configurations during ambient and hot firing

conditions. These tests were conducted in order to obtain information to

accurately define the values of the thrust vector control system parameters

and verify satisfactory performance of the thrust vector control system under

engine firing conditions. The values of control system parameters are

necessary for use in an analytical model which has been developed for flight

control system stability studies and flight performance predictions.

The parameter values obtained did not accurately represent those to be ex-

pected during flight. Several nonflight conditions existed which altered

the control system response. The more significant of these conditions were

the use of a nonproduction thrust structure, dynamic compliance of the test

stand, the low (sea level) thrust, and the high temperature environment of

the engine gimbal bearing. As a result of these conditions, analysis is

necessary to extrapolate the thrust vector control system test results to

flight conditions such that accurate system parameters can be established for

inclusion into the flight control system mathematical model.

15.2 S-IVB/IB

Individual engine gimbaling tests conducted on the S-IVB/IB battleship

vehicles are described in the following paragraphs.

15.2.1 Ambient Spring Rate Verification Test

This test was conducted to verify correct setting of the thrust structure

spring simulators.

15.2.2 Ambient Engine Gimbaling Test

This test was conducted to checkout test procedures and instrumentation, and

to obtain ambient gimbaling data for comparison with hot gimballng data.

15.2.3 Hot Firing Engine Gimbaling Test

This test was conducted to determine engine operational effects on the

:hrust vector control system.
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15.3 S-IVB/V

15.3.1 Ambient Checkout

This test was conducted to checkout instrumentation and obtain ambient

gimbaling data for comparison with hot gimbaling data.

15.3.2 Hot Gimbal Test

This test was conducted utilizing a finely incremented frequency response

command tape to enable more accurate definition of control system and test

stand resonances.

15.3.3 Ambient and Hot Gimbal Test

This test was conducted primarily to obtain information on low frequency

and amplitude phase and gain characteristics of the engine control system.

15.4 Test Objectives

The general objective of the battleship engine gimbaling tests was to

determine the response of the thrust vector control system to various

commands for both ambient and hot gimbaling environments. Specific major

test objectives are as follows:

a. Determine control system closed loop frequency response

characteristics.

b. Determine engine actuator control system non-linearities with low

frequency, low amplitude commands.

c. Determine the effect of gimbal friction on the engine control

system.

d. Determine control system dynamic response to a step command.

e. Determine engine cross-axis coupling effects in the non-gimbaling

plane.

15.5 Test Results

The thrust vector control system test parameters of interest consisted of the

engine position, actuator piston position, the actuator differential pressure,

332
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/ and the input current to the actuator servo-valve. Typical frequency re-

sponse plots are presented in figure 15-1.

As previously noted, a nonflight condition which existed during the battle-

ship glmbal tests was the dynamic compliance of the test stand. The test

stand dynamic compliance was coupled into the control system responses as

evidence in figure 15-1. The test stand resonant frequencies were observed

at approximately 4.4 and 7.0 cps.

Results of the frequency response tests (S-IVB/IB and S-IVB/V configurations)

are summarized in table 15-1. Special low frequency phase and gain

results obtained from camera data during CD 614044 are presented in

table 15-2. The phase lag tends to increase and the gain tends to decrease

as the command amplitude is reduced. This indicates the existence of non-

linearities, primarily, gimbal friction effects in the control system loop.

Since gimbal friction effects appear in a critical control system frequency

range, analyses were performed to determine the value of gimbal friction

experienced during the battleship glmbaling tests. This value was obtained

through analysis of the engine response to triangular wave inputs during

an engine firing.

From the triangular wave data during hot gimbaling, glmbal friction was

obtained as shown in figure 15-2. By a straight line approximation of the

data points, an evaluation of both coulomb and viscous friction was obtained.

Viscous friction values ranging from 180 to 220 ibf-sec/deg were obtained.

Coulomb friction values ranging from 720 to 1,O40 ibf at the actuator were

obtained• It is significant to note that friction values for both positive

and negative velocities were not equal. This fact indicates the presence

of thrust offset effects or moments on the engine induced by bellows and

inlet lines. These ground test results were then extrapolated to the

estimated flight conditions.

Figure 15-3 is a plot of NAA/Rocketdyne data and is presented as gimbal

bearing dynamic coulomb coefficient of friction for the temperature range of

-160 to 60 deg F. The friction values obtained from the battleship test

triangular wave analysis are included at the ground test temperature of

40 deg F. Also shown is an extrapolation of battleship test gimbal friction
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results over the entire temperature range.

Table 15-3 is a summaryof the battleship test vlscous and coulomb gimbal

friction results and includes extrapolated values of coulomb friction for

_he expected S-IVB/IB and $-XVB/V _light conditions.

Additional information on the control system response was derived from

transient response results. Figure 15-4 presents transient response re-

sults for actuator position and actuator differential pressure obtained

during a square wave step pattern which extended the engine to full

deflection. Actuator rates and corresponding actuator load pressure re-

sponses are included. The minimum actuator rate of 1.72 in./sec is

acceptable for vehicle control during flight. Transient response results

for engine position obtained from camera data are presented in figure 15-5.

Engine cross-axls coupling during battleship gimbaling was analyzed during

a thrusting condition utilizing the camera film data. Based on this data

cross-axls coupling wam considered negligible.

15.6 Conclusion

Evaluation of the battleship engine gimbaling test data indicated that all

test objectives were fulfilled. The thrust vector control system closed

loop response behaved as predicted and satisfied performance requirements.

The effect of gimbal friction in the thrust vector position control loop

was demonstrated from the test data. Preliminary values of gimbal friction

have been obtained for battleship testing conditions and these values have

been extrapolated to flight conditions for the S-IVB/IB and S-IVB/V stage.

The battleship test gimbal friction results lie within the range but at the

lower level predicted by NAA/Rocketdyne. Additional analyses, based on

battleship frequency response results, are being conducted to verify the

gimbal friction values. The thrust vector control system flight operation

is critical at low frequencies from the aspect of stage stability. In

order to accurately evaluate the control system stability during flight,

the extent and effect of engine gimbal bearing friction are being pursued

further.
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TABLE 15-2

Engine Position Phase And Gain Results

_ FREQUENCY

COMMAND

_3/4 Deg

!i/2 Deg

!i/4 Deg

_+1/8 Deg

PHASE LAG (DEG)

0.5

(CPS)

-22 +2

-22 +2

-30 +2

-44 +2

1.0

(CPS)

-31 +2

-31 +2

-41 +2

-54 +2

GAIN (DEG/MA) db

0.5

(CPS)

-17.8

-18.0

-18.5

-18.5

1.0

(CPS) '

-17.8

-18.0

-18.5

-18.5

TABLE 15-3

Gimbal Bearing Friction-Battleship And Flight Extrapolation

CONDITION MAXIMUM MINIMUM

220 ib-sec/deg !80 ib.sec/degViscous Friction

During Battleship Tests

(S-IVB/IB)

Coulomb Friction

During Battleship Tests

(S-IVB/IB)

Coulomb Friction

During Engine Start

(S-IVB/IB)

Coulomb Friction

During S-IVB/IB Burn

Coulomb Friction

During S-IVB/V First Burn

Coulomb Friction

During S-IVB/V Second Burn

1,040 ib 720 ib

3,600 ib

3,510 ib

4,140 ib

4,250 ib

2,190 ib

3,100 ib

3,000 ib

3,200 ib

NOTE: Values presented represent equivalent friction forces seen at

the actuator.

21 February 1966

336 Table 15-2, Table 15-3



_r--_

o
•_ o

o

I

I

i

Hi

i It I

I 11 I
I

I

i

I

I

o

(qP) VI_I/ISd NIb'g

I

!

I
I

00

o'}
n
O

>-
O
Z
LLI
D
O"
W
n_
L_.

Z
0

I-- LLI

O '--_
(.9

k- LUC)
U')rV C_
LU O IC_

+1_ i,,•.JD Z
,_ J--- C3tcl _

_..) QJ o4 ,-_
F- F- I.-- "_

ILl
I--
0
Z

ILl

g8 "_

1.1..I0 c,) 1_

,m ._ "r" m

,v -r- _. _. +1 I

. ... _ • " . _:. : - ..

Itl

I--

1

I
i

I

...... |
o
o

(qP) VN/ISd N!V0

c_
o o

l--
o')
ILl
I--

U

u
Z _ _,_

C9

"r a. _. +11

O
Z

, , [ ,I r_-- /i_ --

.,,i ," ""

r_ p II
/ P:_,

II

• , , , , ,,

,, _ , , 1

I

/ ....

'0,,I _ _-_ O0 (_ 04 _ _I_ OQ 0 0,1 _ _0 O0 "_

I I I I I 1 I I I I I I I. I I

(qP) _q/DR(] NIV9

0 0 6 6 6 o 6 6' '6 6 6
I I I I _ ,,-I ,-., _ ,...¢ C,,I Owl

I I I 1 I I I

(g_o) _sv_a

U-I z

.zl-

k..)

r_

0_

o

g _

7 _

_Q
0N

6

_r

P



• .' . .i ¸,'7 . " .;:' .. =

0

4-I

c
o

14
o
4-.I

ea
>

.l.J
.r4 _'1

o

UOT_mTZ_ TeqWTD _-_T a_ngT_

(3mslo_a m?) ALIDOq_A

Ol 8 9 # _ 0

I I I
NOI.LDI_-4 $NODSIA = 3cJOqS

Ill

. I ' '

/

_7

NOIJ.9 I_9 @No-lno3
_'1 0#01

/

/

fl

#- 9- 8-

NO119 l_l_-i

i 8KtDqNO9
!' 'Sq OOL

_/3_S/g'l

_,i 0ST

' _7'_

)I-
0

00#

008

0
Z

O0_.I ..... ,__. _._._

0091 i

000_ o

00#_

008_

00_£

I
uh

bo
.,-I

I

b

_J

,-4

co



Section 15

Thrust Vector Control

mmim miim

/

/
/

immm

!
!

/

o

!

NOII3I_ _lOTnOD _0 IN3IOI_303 3Ii4VNAO ¢W

O
o=4

o
,(=¢

o

o

o
u

o
U

u

c_
I

u_

_-4

21 February 1966

Figure 15-3 339



Section 15

Thrust Vector Control

I SQUARE VALVE STEP PATTERN

25oo_ NULL)
"1/I 2

[ t__
I 7° ACTUATOR PRESSURE........... ACTUATOR POSITION

800 I,

4001

f

ol

N -4oo
(:L

-8o0
D

co i-

to

_ -1600!,
e¢, i

2 -2ooo,
g
_ -240o
<

-2800

-_200 t

-36001
0

i _i

i

0.2 0.4 0.6

I
2 1/2 °

I

/

, q _

i/
P

V
i

i

I

0,8

I

i

I

i

I
1.0 1.2 1.4 1.6

5o__,.. _,o

lp
1

it'
I

q

J

I

I
i

1.8 2.0 2.2 2.4 2.6

I
I

I

!

I

i

t
I

° .

•"...-_..:"...,.'-._.:."•.,

2.8 3.0

TIME (SEC)_

3.4
._J

_ 3.2
_ 3,0

ig 28
u

<_- 2,6."

_2.4
a_ 0

I "_°.'.! r',, '

/i
'I

i
J

I

0.2 0.4 0.6

U")

I- 4.2
-J

O_ 4.0
_,,.,
=:) 3.8

.__ 36
3.4

ul

p 3.2
0.9

L "'' %%

°-

1.1 1.3 1.5

U'}
5.0

rv _I - i

o >o 4.8 "-."';.". ; i

4.6 ":
' iI--_ 4.4 -"

'_ 4.2 .- -
4.0"

n. 1.9 2.1 2.3 2.5

Figure 15-4 Transient Response Results

21 February 1966

340 Figure 15-4



Section 15

Thrust Vector Control

/

O

4

\

U
W
tO

tU
O

C_

OO

CD

t_ O t_ CD t_ CD t_

CO
¢4

c_4

OO

(D_O) NO11337_30 3NIDN3

Q
CD

tO

,r

21 February 1966

Figure 15-5 341



II_r_" "1 I SECTION 16

ACOUSTIC AND VIBRATION ANALYSES



Section 16

Accoustic and Vibration Analyses

16. ACOUSTIC AND VIBRATION ANALYSES

A total of fifty-nine acoustic and vibration parameters were monitored during

the S-IVB battleship program. Data from sixteen countdowns (eighteen firings)

were reduced and are included in this report. The shortest firing from which

data are reported was CD (countdown) 614007 with a duration of 10.67 sec.

Firings of shorter duration are not reported as stable mainstage data of

sufficient duration for analysis were not obtained.

No distinction is made in this report between the S-IVB/IB and S-IVB/V phases

of the program as no differences affecting the acoustic or vibration

environment were present.

In general, data obtained over several firings from a particular parameter

were very repeatable. The majority of the parameters monitored, both acoustic

and vibration, exhibited high levels at ESC (Engine Start Command) and

ECO (engine cutoff). These levels ranged from 2 db to 7 db higher than the

steady-state levels during mainstage. At engine start, the transients lasted

from two to seven seconds. The engine cutoff transients lasted from 0.5

to 1.5 sec after command cutoff.

The vibration measurements were generally restricted to locations on the

engine because of the difference in the battleship structure (steel) and the

flight type stage structure (aluminum). The measured vibration levels were

lower than expected below 800 cps.

The acoustic measurements were located both in the far field (150 ft from

the stage) and in the near field (immediate vicinity of the stage). The

measured acoustic levels were as expected in the vicinity of the thrust

structure but were lower than expected in the forward areas of the stage.

16.1 Data Acquisition

Thirty-five vibration and twenty-four acoustic parameters were monitored

during the program. A list of the parameters including measurement number,

composite levels, and data quality is presented in table 16-i. Composite

levels are given during two time periods. The levels under "start transient"

represent the high levels monitored during ignition, while the "mainstage"

levels show the steady-state levels existing from approximately ESC +7 sec

to engine cutoff. The location of the acoustic and vibration parameters are

shown in figures 16-1 and 16-2.
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16.1.1 Sequence of Acquisition

The acoustic parameters were divided into three groups. Two in the aft skirt

region were monitored from CD 614020 to the end of the program (14 firings).

Eleven far field parameters were monitored from CD 614024 to CD 614030

(4 firings), and eleven near field parameters were monitored from CD 614033

to CD 614044 (7 firings). The vibration parameters were also divided, with

one group monitored from CD 614007 to CD 614030 (ii firings) and a second

group monitored from CD 614033 to CD 614044 (7 firings). Eleven vibration

parameters were monitored throughout the program (18 firings). The maximum

number of parameters monitored on any one firing was thirty-three.

16.1.2 Dsta Recording

Three separate instrumentation systems were used to obtain the data. First

was a "flight" type system using components designed to the flight stage

environment, power and weight restrictions, and automatic checkout require-

ments. It consisted of a piezoelectric accelerometer or microphone, coaxial

cable and a transistorized charge amplifier with relay controlled voltage

insertion capabilities for calibration purposes. The second system was

typical of those used during the S-IV static test program and consisted of

a piezoelectric accelerometer, coaxial cable and a high input impedance ac

voltage amplifier. The output from two of these channels (thrust chamber

dome) was split to provide signals for the Rocketdyne vibration safety

cutoffs in addition to the data signals. The vibration safety cutoffs

monitored the vibration on the engine and provided an automatic engine cutoff

if the vibration trend indicated impending destruction of the engine. The

third system was used for the far field and near field acoustic surveys, and

consisted of a microphone, coaxial cable, and a laboratory type charge

amplifier.

All signals were FM tape recorded at 30 ips using a 54 kcps carrier. The

available frequency response was 5 cps to i0 kcps on vibration parameters

and lO cps to i0 kcps on acoustic parameters. Six tape recorders were

available throughout the program, of which four were used during a countdown.

All data channels were calibrated prior to each countdown by the "voltage

insert" method per IB49437 using test set model DSV-4B-717.

346
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16.2 Data Reduction

In anticipation of the use of the single sideband telemetry system for

acoustic and vibration data acquisition on the S-IVB stages (frequency

response 50 to 3,000 cps), all vibration data were reduced from I0 to

3,000 cps. This will permit a direct comparison of the hardwire and telemetry

data. The acoustic parameters were reduced to the limits of the system,

i.e., i0 cps to 1OK cps.

Data reduction consisted of producing oscillograms of all channels after

each firing. These records were produced by Data Processing at Huntington

Beach using 5 Kcps Galvanometers with a paper speed of 0.4 ips during main-

stage and 4.0 ips during the transients at engine start and cutoff. These

oscillograms were used as the basis for preliminary data qualification. An

oscilloscope was also used for very high frequency (10,000 cps) data

qualification. All parameters considered valid were analyzed with one-thlrd

octave band filters. The one-thlrd octave RMS time histories for the acoustic

parameters were read during start transient and mainstage portions and

plotted as decibels (db) vs frequency.

The vibration data were digitized at 8,000 samples per sec and analyzed

using the IBM 7094 computer and computer program DA05. This program

produced SC4020 plots of the auto correlation function and PSD (power spectral

density) spectrum. A tabulation of the PSD values was also stored on digital

magnetic tape. A bandwidth of 20 cps was used for all PSD analyses.

After all firings were reduced, the stored vibration PSD's from the digital

magnetic tape were input to computer program DA07 which provided SC4020 plots

of maximum, minimum, and mean values from a particular parameter or group of

parameters. The acoustic data were enveloped and plotted by hand.

16.3 Discussion of Parameters

Thirty-two vibration parameters and all 24 of the acoustic parameters

produced valid data during at least one countdown and firing. Three

vibration parameters (E-0564, E-0575 and E-0578) did not produce valid data

during the program. Considering a parameter monitored on one countdown as

a measurement, a total of 535 measurements were attempted of which 289 were

successful for a recovery rate of 54 percent.
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Three basic test objectives were to be met during the program. These are

discussed separately in the following paragraphs.

16.3.1 VB501 - Determination of the Acoustic Field Generated b_the

J-2 Engine

During countdowns 614025, 614028, and 614030, eleven microphones were placed

on an arc 150 ft from the stage centerllne, as shown in figure 16-1. Each

microphone was placed at the top of a six foot stand with the diaphragm

facing the stage. Spectra are shown for each measurement in figure 16-3,

plotted in octave bands, and the overall levels are shown on a polar plot

in figure 16-4. All levels presented are the maximum envelope of data from

three firings. The polar plot shows that a maximum level of 141 db occurred

48 deg from the direction of the deflected exhaust gases (bucket centerline)

which is close to the expected angle of 55 deg. The plot also shows a drop

in level between 75 and 105 deg which is attributed to masking of the

sound source by the test stand structure.

In the second phase of acoustic measurements, the microphones were relocated.

Six were placed on a vertical line 12 ft from the stage centerline (6 to

12 in. from the tank skin) with the diaphragms pointed away from the stage,

and four were placed on a radial line at distances of 25, 75, 300, and

600 ft from the stage with the diaphragms pointed toward the stage. All

were located 55 deg from the bucket centerline. The eleventh microphone

(B-0713) was placed on the helium fairing at position II. These locations

are shown in figure 16-1.

Spectra from these microphones are shown in figure 16-5 and a profile of

the overall levels is shown in figure 16-6. These spectra are the maximum

envelope from five firings (CD 614042, CD 614043, and CD 614044). Data from

CD 614033 and CD 614034 were considered invalid due to calibration errors.

The spectra in figure 16-5, from B-0706 and B-0707 show high overall levels

dominated by high frequency components. This was due to the proximity of

these microphones to the high frequency sources generated at the J-2 engine

nozzle exit plane. Moving up the stage, the high frequency levels decreased

more rapidly than the low frequency levels and the spectra tended to flatten.

The data in figures 16-3 and 16-5 (B-0702, B-0706, B-0712, B-0714, B-0715 and

B-0716), show that the overall levels decreased approximately 5.5 db each

348
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time the distance from the stage centerllne doubled. This compares well with

a theoretical decay of 6.0 db/double distance and experimentally measured

free field decays of 5.5 db/double distance.

The nearfleld acoustic measurements (6 to 12 in. from tank skin) were

compared with similar data obtained by Rocketdyne during J-2 engine

development firings. The Douglas measurements in the vicinity of the

thrust structure show good agreement with the Rocketdyne data. The levels

forward of the aft skirt however, were 5 to 8 db lower than the Rocketdyne

data. These lower levels are attributed to masking Of the sound source by

the test stand structure.

16.3.2 VB 502 - To Monitor the Environment at the Gimbal Point, Thrust

Chamber Dome, Turbopumps, Primary Instrumentation Package, and

Ambient Panels No. i and 17

Three accelerometers were mounted on the glmbal block and oriented to measure

vibration on the thrust (E-0511), pitch (E-0512), and yaw (E-0513) directions.

Two accelerometers were mounted on the thrust structure at the attach points

of the pitch (E-0561) and yaw (E-0562) actuators, oriented in the thrust

direction. These locations are shown in figure 16-2. The data from these

parameters are shown in figure 16-7". Each parameter exhibited a relatively

narrow amplitude band indicating very repeatable data. Also, the spectra

of E-0512 and E-0513 were essentially identical, as were the spectra from

E-0561 and E-0562. This was expected, as the stage is symmetrical in the

pitch and yaw planes. All three gimbal point measurements exhibited a

narrow peak at approximately 920 cps; the yaw measurement also showed a

peak at 460 cps. These frequencies are the first and second harmonics of the

LH2 turbopump rotational frequencies. These five parameters show the

vibration input to the thrust structure from the engine.

During the first thirteen firings in the program, the primary instrumentation

package was instrumented with three accelerometers. The accelerometers were

oriented to monitor the vibration input to the package in the thrust (E-0505)

radial (E-0506) and tangential (E-0507) axis. However, because of mounting

*Each plot in figures 16-7 through 16-12 presents a maximum, minimum, and

mean spectrum computed using all valid data from that parameter
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difficulties, the accelerometers were located on the cover of the package

and provided response instead of the required input vibration data

(figure 16-7).

Two accelerometers on the combustion chamber dome (Rocketdyne vibration

safety cutoffs No. i and 2) and one accelerometer on each of the propellant

turbopumps were used to monitor vibration throughout the battleship program.

The locations of these parameters are shown in figure 16-2 and the enveloped

spectra are presented in figure 16-8. The spectra from the safety cutoffs,

E-0706 and E-0707, showed good agreement from firing to firing and between

the two parameters indicating uniform engine vibration. The data below

200 cps should not be used however, due to the presence of 60 cps noise and

its harmonics at 30 cps and 180 cps.

The turbopump accelerometers were each mounted at the flange between the

pump housing and the respective Rocketdyne low pressure duct feedline and

were oriented radial to the housing. The data from these measurements

(figure 16-8) are highly questionable. Very high amplitudes at approximately

6 Kcps overdrove the instrumentation recording system. The effect on the data

in the frequency range of interest (5 to 3 Kcps) is not known but consistent

data were not obtained from either parameter during the program. The data

presented for the LH2 pump show agreement, but only two countdowns are shown

and the levels are very low. Due to these problems, no attempts were made

to determine if bearing degradation in the pumps could be determined.

Six vibration measurements and two acoustic measurements were mounted on

ambient panels in the aft skirt. Vibration transducers were mounted in the

thrust, radial, and tangential directions on both panel No. i and panel No. 17.

E-0500, E-0501, and E-0502 were mounted on the sequencer panel (Eo. I) near

module A-10. E-0574, E-0575, and E-0576 were mounted on the 56 vdc power

distribution panel near module A-I. These locations are shown in figure 16-2.

Also shown in the figure are acoustic measurements B-0501 and B-0502. B-0501

was mounted at the upper left corner of the sequencer panel (No_ i) with its

sensitive axis through the stage centerline on a 45 deg downward slope.

B-0502 was mounted directly below panel No. 17 with its sensitive axis normal

to the stage centerline.

Spectra from five of the vibration measurements and the two acoustic measure-

ments are shown in figure 16-9. No valid data were obtained from E-0575. The

21 February 1966

350



Section 16

Accoustic and Vibration Analyses

vibration measurements exhibited similar spectra dominated by one broad peak,

which shifted in frequency from parameter to parameter. It was expected

that the highest vibration levels would be monitored in the radial direction

due to acoustical excitation of the panels. This is not supported by the

data. The vibration response on panel No. 1 was highest in the tangential

direction. The data from B-0501 and B-0502 are shown in the same figure

plotted in one-third octave bands. Two curves are presented on each plot.

The higher spectrum on each plot is the maximum envelope of the steady-

state data from countdowns 614020 through 614034. The lower spectrum is

the maximum envelope of the steady-state data from countdowns 614042

through 614044. The drop in level during the later firings was due to

the installation of a cover in the aft skirt area. Both sets of data

are considered valid. The attenuation attributed to the cover is the

difference between the two curves.

16.3.3 VBS04 = Determine the Vibration Response o5 Selected Components

Measurements were mounted on the actuator servo-valves, propellant feedlines,

PU valve, gas generator and the main hydraulic pump. The locations of these

measurements are shown in figure 16-2.

Three accelerometers were mounted on each actuator (pitch and yaw) servo

valve and oriented in directions radial (normal), axial, and tangential to

the valve. Enveloped spectra from these measurements are shown in

figure 16-10. E-0503 and E-0504 are highly contaminated with 60 cps noise.

The levels at 20 cps, 60 cps, 180 cps, 300 cps, and 420 cps are subharmonics

and harmonics of 60 cps and are not data. The spectra are included in this

report to show the data above 500 cps which are considered valid. In this

region, the measurements exhibited a broad peak between 400 cps and

900 cps. The data also exhibited a very narrow band of amplitude scatter.

This was meaningful in the case of E-0503, E-0504, and E-0573 as data from

five or more firings were included. The plots may be biased however, for

E-0570, E-0571, and E-0572, as data from only one firing were available.

Three accelerometers were located on the PU valve, oriented to sense vibration

in directions axial (E-0508), radial (E-0509), and tangential (E-0510) to the

valve. The location of the measurements is shown in figure 16-2 and the

spectra are presented in figure 16-11. The spectra all exhibit peaks in the
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region of 2 Kcps. In addition, the radial measurement shows a peak at

approximately 150 cps. The tangential measurement shows peaks at 150, 300,

and 450 cps, and a narrow peak at 900 cps. These frequencies were caused by

energy from the LH2 turbopump, on which the valve was mounted.

Two accelerometers were mounted on the gas generator as shown in figurei6-2.

The measurements were oriented in the thrust (E-0577) and radial (E-0578)

directions. The lateral measurement provided no usable data. The envelope

of data from the thrust measurement is presented in figure 16-11. Below

i00 cps the data are invalid due to 60 cps noise.

The main hydraulic pump was instrumented with two accelerometers oriented in

the thrust (E-0563) and lateral (E-0564) directions. The lateral measurement

provided no usable data. An envelope of the thrust data is presented in

figure 16-11. The spectrum is dominated by a broad peak at 150 cps and

narrow peaks at 1,300 cps, 2,200 cps, and 2,400 cps.

Two accelerometers were mounted on each propellant feedline at the attachment

points to the Rocketdyne low pressure ducts. Each pair were oriented in the

thrust and lateral directions (parallel and normal to flow). The measurement

locations are shown in figure 16-2 and the enveloped spectra are presented

in figure 16-12. Both thrust measurements, E-0557 and E-0559, are considered

questionable due to a cantilever design for the accelerometer mounting block.

The lateral measurements exhibit good agreement and repeatability_ although

the spectrum of E-0558 is invalid below 60 cps due to instrumentation system

noise. The LH2 feedline measurement (E-0560) does show very narrow peaks at

900 cps and 2,500 cps, which are not present in the LOX feedline measurement.

These are localized vibrations generated by the LH2 turbopump.
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Section 17

Aero/Thermodynamlc Analysis

£7. AERO/THERMODYNAMIC ANALYSIS

17.1 J-2 Engine Thrust Chamber Temperature

Temperatures measured during the S-IVB/IB battleship aft interstage

environmental tests (CD 614031 and 614032) by sensors located on the J-2

engine thrust chamber were used to verify analytlcal predictions made for

the flight stages.

The purpose of the analyslsj which was conducted prior to the test, was

to determine whether the temperature of the engine thrust chamber tubes

will exceed the maximum allowable starting temperature prior to first

ignition. To aid in this investigation an analytical model was constructed

to simulate the engine chilldown and thus, determine the thrust chamber

temperature profile at liftoff. This model yielded results which indicate

that the thrust chamber temperature at liftoff will be approximately

210 deg R forward of the manifolds, and 170 deg R aft of the manifolds.

These results were in good agreement with the test data.

17.2 LOX Tank Ullage Gas Temperature

Shown in figure 17-1 are the LOX tank ullage gas temperatures measured

during the full duration firing (CD 614010) which were used for the pre-

diction of the flight stage common bulkhead temperatures during the LOX

loading. Due to the difference in the battleship and flight stage common

bulkhead configuration (the battleship utilized an insulated steel plate;

the flight stages a honeycomb panel) the common bulkhead temperature

measured during the test could not be used.

The purpose of the analysis was to determine the transient cooling

characteristics of the flight stage bulkhead during LOX loading which in

turn would be used to determine the stress in the bulkhead.

Temperature gradients across the honeycomb and along the weld seams

during the LOX loading phase were generated analytically on the basis

of the measured ullage gas temperatures and are shown in figures 17-2,

17-3, and 17-4.

21 February 1966
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Section 18

Reliability and Human Engineering

18. RELIABILITY AND HUMAN ENGINEERING

18.1 Reliability Engineering

The hardware failure summary of all functional fligh_ critical i_ems was

prepared by reliability engineering. This summary is presented in Appendix 1

of this report.

18.2 Human Engineering

A human engineering evaluation of Complex Beta (Sacramento Test Center) was

conducted and the following recommendations have been adopted or are being

considered.

Recommendations Accepted

A desiccant system was installed in the test stand television

cameras to prevent the accumulation of moisture which obscures the

television monitor picture in the Test Control Center.

b. A system of warning lights was installed in the Test Control Center

to indicate when personnel are present in hazardous areas of the

vehicle or the facility.

c. Binocular mounts were placed in the up and down range observation

stations to permit steady viewing of the vehicle and test stand

during propellant loading and engine firing at Complex Beta.

d. A sound suppressant microphone was secured for the use of the test

stand talker to reduce noise interference on the intercom system

during test preparations.

e. A system analysis of the battleship GSE control panels in the

Test Control Center was performed resulting in control and dlsplay

nomenclature modifications to eliminate potential sources of

human error.

f. Inputs were submitted to the Space Propulsion Branch for the layout

of the vehicle monitor panel for battleship testing on test stand

No. 1 at Complex Beta.

21 February 1966
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g. The following modifications to the overhead crane controls on test

stand No. i at Complex Beta were accomplished:

(1) A center "off" position for the boom control was provided.

(2) The foot pedals were relocated to provide better access

for the crane operator.

(3) An auditory warning device was installed to indicate when

the crane platform is in motion.

(4) The rate of movement of the jib hoist was reduced tO

75 fpm for more precise control.

(5) Windshield wipers were added for use during inclement

weather.

(6) An electric heater was added for use of the crane

operator during winter months.

h. Modifications were made to the interim LH2 tank vertical access kit

to improve operator use and reduce the probability of human error.

i. Appropriate critical control indications were added to battleship

GSE facility consoles containing emergency controls.

j. Human engineering requirements for the countdown and hold timers

in the Test Control Center to be employed during battleship testing

were specified and incorporated.

k. Display and control nomenclature was modified on test stand No. i

facility at Complex Beta prior to battleship testing to correct

situations contributing to human error.

i. Human engineering specifications were proved for the identification

of test stand levels preparatory to battleship testing.

m. The format and nomenclature employed in battleship countdown manuals

were reviewed to eliminate all potential sources of human error.

n. Human engineering coordinated with the safety department in

establishing the breathing air requirements for the life support

of personnel in the LH2 and LOX tanks.
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Reliability and HumanEngineering

o. Instructions were added to the GSEcontrol consoles in the Test

Control Center instructing operating personnel to log all cycles of

time/cycle critical components.

p. A warning placard was placed on the door in the TCC adjacent to the

steep stairs leading to the test stand No. 1 instrumentation tunnel.

q. Ear protection was obtained for personnel in the Complex Beta

pumphouse during battleship testing to attenuate the high noise

levels produced by the electric pumps. A sound suppressent micro-

phone was also obtained for use by the pumphouse engineer to

attenuate the background noise in the pumphouse and eliminate the

attendant communication interference during voice transmissions.

r. Data was provided to Saturn Electronics regarding the optimum pulse

density on oscillograph recordings for rapid and accurate counting

of signals during the battleship testing program.

s. Specifications were provided for the selection of console chairs to

be used in the Test Control Center during battleship testing.

t. Data was supplied to the Facilities Branch to correct the water

contamination problem at Complex Beta that was causing a reduced

deflector plate water flow during battleship testing.

u. The size of the numerals on the vehicle monitor panel gages on

test stand No. i were increased to permit accurate determination

of gage values on the TV monitors in the Test Control Center.
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Appendix 2

Battleship Test History

lo BATTLESHIP TEST HISTORY

This appendix summarizes the S-IVB battleship test program at the Sacramento

Test Center.

1.1 Coldflow and Chilldo_ Tests

1.1.1 CD 614000, LN2 and LH2 Propellant Loading, 18 September 1964

The initial battleship cryogenic loading was accomplished using LN2 and LH2.

The test demonstrated safe propellant transfer, proper purge, tank pressuri-

zation and venting procedures, and proper functioning of control and instru-

mentation systems.

1.1.2 CD 614002, LOX and LH2 Propellant Loading, 25 September 1964

This test consisted of a successful initial LOX and LH2 loading, followed by

two engine chilldown tests, an attempted thrust chamber chilldown, and a fill

test of the engine helium control sphere and engine start tank.

LOX turbopump chilldown was achieved by utilizing the LOX reclrculation

system; for LH2 turbopump chilldown the LH2 overboard bleed system was used.

The thrust chamber, engine start tank and helium control sphere chilldown

tests were unsuccessful because of an inadequate gas supply from pneumatic

console "C," attributed to undersized orifices in the console.

1.1.3 CD 614003, Engine Chilldown Tests, 2 October 1964

Good turbopump chilldown was achieved in two successive tests utilizing on-

board LH2 and LOX recirculation systems.

An attempt to chilldown the engine start tank by GH2 flow from the

evaporator was unsuccessful; however, a second test was successful by using

cold GH2 from the gas heat exchanger.

Two attempts to chilldown the thrust chamber jacket failed; however, a third

test, conducted on 9 October, was successful.

Problems experienced with the thrust chamber and the engine start tank

chilldown were caused by a restricted flow from the console. Restrictions

in the cold helium system lines were caused by frozen contaminants.

21 February 1966

391



Appendix 2
Battleship Test History

1.1.4 CD 614004, Start Tank Blowdown Test, 24 October 1964

Following successful propellant loading and chilldown verification tests, the

propellant prevalves were functionally checked. The prevalves did not

properly respond to commands. The test sequence was then altered and the
%

test proceeded through all chilldown cycles and start sphere fill operations.

The test was terminated prior to the originally intended DAC automatic

sequence which was to proceed through engine ignition.

1.2 Propulsion Development Firings

1.2.1 CD 614005, i0 Second Firing, 7 November 1964

The countdown resulted in three aborted runs.

Run i was terminated prior to initiation of DAC automatic start sequence for

lack of deflector plate water pressure indication.

Run 2 was terminated at expiration of the DAC sequence monitor timer for lack

of diffuser water pressure indication. Frozen water in the pressure sense

line was suspected and the line was rerouted.

Run 3 was terminated 2.5 seconds after engine sequence start because of gas

generator overtemperature indication. Just prior to cutoff, fire was noted

in the gas generator area. Post-test investigation revealed damaged gas

generator components and damaged LH2 pump and turbine.

Steps were taken to preclude recurrence, including installation of a heater

blanket for the gas generator body.

During run 3, engine start conditions were achieved and maintained throughout

the simulated boost phase.

1.2.2 CD 614006, Gas Generator Ignition Firing, 24 November 1964

_le performance of the replacement gas generator was verified. Engine start

conditions were successfully maintained throughout the simulated boost phase.

Cutoff occurred automatically after 1.325 seconds of engine sequence at the

expiration of a special timer.

The new gas generator heater blanket maintained proper combustor body

temperature prior to ignition.

All stage, GSE, and facility systems functioned satisfactorily.
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1.2.3 CD 614007, lO-Sec Mainstage Shakedown Firing, i December 1964

The test was highly successful. Engine start conditions, ignition, and

mainstage were achieved. Manual cutoff occurred after 10.67 sec of mainstage

operation.

Engine sideloads experienced during start transients were normal and damped

out in less than 7 sec.

LH2 pump stall was indicated just prior to LOX valve OPEN.

Overall stage, GSE, and facility performance was satisfactory; therefore, a

decision was made to bypass the planned 20-sec mainstage firing and proceed

with a 50-sec mainstage firing. The turbopump chilldown procedure was

revised for subsequent tests in order to preclude possible LH2 pump stalls

in the future.

1.2.4 CD 614008, 50-Sec Mainstage Shakedown Firing, 9 December 1964

The test was very successful. Mainstage duration was 50.7 sec. Propellants

were loaded using point level sensors as reference.

The thrust chamber chilldown was extended to approximately 51 min and turbo-

pump chilldown was extended to i0 min. A normal engine start was accomplished

with no turbopump stall indicated. Engine performance data indicated normal

operation through all phases, except that the side loads during start

transients were higher than previously experienced and subsided approximately

8 sec after mainstage OK.

1.2.5 CD 614009, 150-Sec Mainstage Shakedown Firing, 15 December 1964

This test concluded the shakedown firing series in preparation for a full

duration firing. Mainstage duration was 150.4 sec. Extended thrust chamber

and turbopump chilldown sequences were again used. LH2 tank pressure was

established and maintained during the test for the first time by a flight

configuration LH2 pressurization module. LOX pressurization was maintained

by the auxiliary pressurization system. The pneumatic power control module

failed during pre-test setup and the stage pneumatic system was supplied from

a ground source during the test.

Engine performance during start, steady-state, and shutdown, was very

satisfactory.
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1.2.6 CD 614010, Full Duration Firing, 23 December 1964

Run 1 on 22 December was aborted when thrust chamber chilldown could not be

achieved because of adverse weather condition.

The initial full duration firing was very successful. Again extended chill-
l

down was used for the thrust chamber jacket and turbopump. On-board LOX tank

pressurization system was used with the cold helium spheres pressurized to

3,000 psig. LOX tank was prepressurized using the auxiliary pressurization

system, tank pressure was controlled thereon by the on-board system. LH2

tank pressure was maintained during mainstage by the LH2 pressurization

control module.

The PU system was used in this test. The system performed satisfactorily,

indicating very close correlation between PU and point level sensor indicated

mass values.

The engine operation was very satisfactory through start_ mainstage, and

cutof£. No pump stalls were indicated. The test duration was 414.6 sec or

shorter than a full duration firing. This was to ensure that propellant

depletion would not occur. Approximately i0,000 lb of propellants remained

in the tanks after cutoff.

1.3 J-2 Engine Temperature Conditioning Tests

1.3.1 CD 614011, Run i, 8 January 1965

Following propellant loading, three chilldown attempts were aborted because

of component failures. In the first attempt the LH2 chilldown inverter

failed. The chilldown pump was subsequently operated from a facility backup

power. In the second attempt the engine start sequence was not attained

because of a LOX chilldown valve malfunction. Warm air flow to the valve

was increased for the third attempt. The third attempt was terminated when

the LOX chilldown pump failed to attain the operating speed, and excessive

current drain was indicated at the pump motor. The pump was replaced after

the test.

394

1.3.2 CD 614012, Run 2, 14 January 1965

The test was terminated when the LOX chilldown pump failed in a special test.

The pump was found contaminated with alcohol, the cleaning agent used by the

vendor.
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Prior to termination special tests were conducted on LOXand LH2prevalves,

chilldown valves, and LH2 tank vent and relief valves with satisfactory
results.

1.3.3 CD614013, Run 3, 16 January 1965
%

The test was terminated after the LH2 tank vent and relief valve failed in

a special test. Also, the LOX chilldown pump seized after an apparently

normal start transient during a special test prior to LH2 loading.

During post-test investigation, insufficient clearance was found between LOX

chilldown pump impeller and wear ring. The pump was returned to vendor for

corrective action.

J-2 engine S/N 2003 was replaced with S/N 2013 on 28 January.

1.3.4 CD 614014, Run 4, 9 February 1965

After completion of LOX loading and a special LOX chilldown pump test, LH2

loading was accomplished for the first time at the design transfer rate of

3,000 gpm. Special LH2 tank vent relief cycle and LH2 chilldown pump tests

were conducted. The test proceeded through a successful chilldown sequence

and was cut off after 1.14 sec of engine sequence. (The sequence includes

full opening of main LH2 valve. The LH2 dumped through the thrust chamber

is then ignited by special burner near thrust chamber exit.)

A fire was indicated approximately 2 sec after cutoff in the LH2 prevalve

ar4a. Minor damage was inflicted on components located in LH2 prevalve area

and in Console "C". Also, engine instrumentation wiring was scorched and the

dummy aft interstage protective wrapping was burned and charred. Subsequent

tests used deflector plate water spray to assist in removing combustibles from

the engine and thrust cone areas.

1.3.5 CD 614015, Run 5, 17 February 1965

LOX was loaded by utilizing the automatic propellant loading system (APLS) for

the first time. The test was terminated after completion of LOX loading

because of an inoperative engine LOX bleed valve. The valve was replaced

after the test.
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1.3.6 CD 614016, Run 6, 18 February 1965

Proper operation of LOX and LH2 chilldown systems and engine LOX bleed valve

were verified. LOX loading was stopped at the 150,000 ibm level because of

leakage noted at the "H" section of the LOX sled. LH2 loading was success-

fully accomplished utilizing the APLS system in the open-loop mode.

The countdown was terminated because of leakage at the gas heat exchanger

fill valve after the completion of LH2 loading. Leaks were also disclosed

at stem of LH2 sled main fill valve and stage LH2 prevalve.

Subsequent to this test, the J-2 engine temperature conditioning program

was revised to expedite the main program objective: the achievement of a

chilldown procedure which is compatible with S-IVB flight sequence.

1.3.7 CD 614017, Run 7, 25 February 1965

The countdown consisted of five chilldown tests. The tests were considered

to be highly successful with only minor problems experienced. Prior to

testing, a major effort was directed to the repair of all leakage noted in

the propellant and pneumatic systems during the previous tests.

LOX chilldown inverter instrumentation problems were resolved and the in-

verter was used during the countdown.

A LOX storage tank vent line ruptured during venting following completion of

LOX loading. The line was temporarily repaired for the next test.

1.3.8 CD 614018, Run 8, 2 March 1965

This countdown consisted of two successful chilldown tests prior to depletion

of helium supply. During LOX storage tank venting, at completion of LOX

loading, the LOX storage tank vent line ruptured. The first test consisted

of three attempts. The first attempt was recycled to the start of terminal

count when overpressure was indicated in the thrust chamber interface at

SLO -2:45 min. The engine sequence was not completed during the second

attempt because of lack of talkback from the hydrogen torch igniters. The

third attempt proceeded through a very satisfactory chilldown and start

sequence.

The second test followed after a thrust chamber warmup period. The chilldown

and start sequence were again satisfactory and no LH2 pump stall was noted.
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1.3.9 CD 614019, Run 9, 6 March 1965

This countdown concluded the J-2 engine temperature conditioning test series.

Four out of five chilldown tests initiated were successfully accomplished.

The engine environmental enclosure was removed for the last two tests to

determine its effects on the thrust chamber chilldown.

During propellant unloading, a minor fire was noted in the LH2 prevalve area.

No damage resulted; however, the LH2 prevalve adapter was removed after the

test to prevent recurrence of hydrogen leaks in this area.

1.4 System Development Firings

1.4.1 CD 614020, lO-Sec Shakedown Firing, J-2 Engine S/N 2013, 13 March 1965

A special cold helium sphere blowdown test was conducted following propellant

loading to gather data on thermal characteristics of the cold helium line to

the LOX pressurization module. Thrust chamber chilldown was initiated at

SLO -8:30 min; turbopump chilldown was started at SLO -5 min.

The first run was aborted at SLO -2:40 min when no LH2 fill and drain valve

CLOSED talkback signal was received. The talkback signal was simulated in

the sequence logic during the next run, and the position of the valve was

verified by pressurizing the tank and observing off-loading conditions. The

LH2 fill and drain valve was replaced after the test.

A successful shakedown firing was accomplished during the second run. The

mainstage duration was 11.8 sec. No LH2 pump stall was indicated at engine

start. Engine side loads during start transients were lower than observed

on engine S/N 2003.

The PU system was activated at SLO +i0 sec and was operating during the last

1.6 sec of the test. The PU valve properly responded to the excess of LH2

in the tank. The LH2 chilldown pump was operated from the backup power

source; LOX chilldown pump received power from the LOX chilldown inverter.

1.4.2 CD 614021, Full Duration Systems Verification Firing, 19 March 1965

The test was manually cut off after 29.2 sec of firing due to instrumentation

failure on a cutoff parameter (gas generator combustor body temperature).
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The test proceeded through a successful chilldown and engine start sequence.

The PU system was activated i0 sec after initiation of engine start sequence.

The system operated in closed-loop mode and the PU valve properly responded

to the indicated tank masses. Difficulties were experienced during shutdown

sequence when the firing logic proceeded to restart the engine while attempting

to reset. Open-fused circuit in the engine cutoff circuitry was discovered

and post-flring modifications were made to avoid such recurrence. Also, the

gas generator was provided with a redundant temperature measurement.

An interim GH2 supply with tube trailers was utilized during the test because

of LH2 pump-vaporizer failure prior to countdown initiation which resulted in

GH2 line contamination with oil.

1.4.3 CD 614022, High EMR, PU Excursion, 25 March 1965

Run i resulted in three aborted attempts. After completion of propellant

loading a special test was conducted to verify turbopump chilldown character-

istics under simulated S-IVB/V restart conditions. This attempt to chill the

engine with warm ducts was unsuccessful due to erratic LH2 chilldown pump

operation which was apparently caused by back pressure from boiling liquid in

the duct. A check valve was subsequently installed in the low pressure duct.

The first attempt was aborted due to false ASI ignition indication. The

second attempt was aborted due to an apparently high LH2 pump inlet temperature

at engine start.

The third attempt was aborted because of lack of LH2 prevalve OPEN talkback

signal. Both chilldown pumps were operated from the GSE backup power source

during the test.

1.4.4 CD 614023, High EMR PU Excursion, 31 March 1965

A successful full duration firing was accomplished. The mainstage duration

was 470 sec. Propellant loading, chilldown, and engine start sequence were

accomplished without incident. The propellant loading was monitored by the

Automatic Propellant Loading System (APLS). Normal engine side loads were

noted during engine start transients. The PU system was activated at main-

stage +13 sec. The overall PU system performance was excellent during the

firing. The PU valve moved to the planned 5.5 to i mixture ratio and remained
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there for 82 sec. The test was cut off by a strip chart observer when the

LH2 pump inlet conditions indicated imminent LH2 depletion. Simultaneously

with cutoff, LH2 depletion sensors indicated depletion. The primary shut-

off valve in the LOX tank pressurization control module malfunctioned

causing the LOX tank to remain at relief pressure during the firing.

1.4.5 CD 614024, Low EMR, PU Excursion, 7 April 1965

The test was terminated approximately 42 sec after attaining malnstage

because of instrumentation malfunction which resulted in an erroneous indi-

cation of excessive LH2 pump inlet pressure rise.

The J-2 engine control assembly malfunctioned during pre-test checkout and

was replaced. Propellant tanks were loaded utilizing the APLS system.

The engine performance was satisfactory in all phases of operation. At PU

system activation (mainstage +13 sec) the PU valve immediately responded

to compensate for the LH2 overload and remained in LH2-rich position until

cutoff. No increase in engine side loads was noted as a result of the low

engine mixture ratio (4.5 to i).

1.4.6 CD 614025, Low EMR, PU Excursion, 15 April 1965

A low EMR firing of 506.75 sec mainstage duration was successfully accom-

plished. A special thrust chamber chilldown test was conducted to determine

if chilldown could be achieved under the existing adverse weather conditions.

As a result, a larger size orifice was installed in the chilldown line.

Propellant loading was accomplished using the APLS. The thrust chamber

chilldown was started at SLO -12 min; the turbopump chilldown was started

at SLO -5 min. The engine performance was satisfactory throughout the test.

The PU valve moved to LH2-rich stop at PU system activation and remained

there for 212 sec. Propellant residual of 2,000 ib LOX and 800 ib LH2 were

in the tanks at cutoff.

The performance of all stage, GSE, and facility systems was satisfactory,

including the hydraulic system which was installed prior to test.
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1.4.7 CD 614026, Spring Rate Simulator Verification and Ambient Gimbal

Test, 22 April 1965

The spring rate simulator adjustment verification and the ambient glmbal

test were conducted under the control of an automatic program executed

through the hydraulic control panel.

Prior to test, the hydraulic system was checked out and the clearance for

a two-inch movement of the stage in any direction verified.

The tests indicated no significant stage clearance problems. Stage motion

during the ambient gimbal test, which proceeded through maximum engine

deflection at various frequency ranges, was minimal.

Post-test checkout revealed a spring rate simulator attachment bolt failure.

All attachment bolts were replaced prior to next test.

1.4.8 CD 614028, High EMR Firing, 27 April 1965

This long duration high EMR firing was cut off manually after 374 sec of

engine operation. Cutoff was initiated because the hydraulic reservoir

oil temperature reached the cutoff valve.

The LH2 chilldown inverter was used to operate the LH2 chilldown pump for

the first time. Also, retractable engine side load restrainer links were

used for the first time.

The gimbal control system maintained the engine in the null position during

the firing. A malfunctioning hydraulic system high-pressure relief valve

prevented the programmed glmbal checkout and caused the oil temperature rise

which resulted in early cutoff.

Following propellant loading, the thrust chamber chilldown was initiated at

SLO -12 min. Turbopump chilldown was started at SLO -5 min and both chill-

down pumps were operated by the chilldown Inverters. A normal engine start

sequence was experienced. After PU system activation the PU vaAve properly

responded to LOX overload conditions, remaining at the LOX-rich stop for

115 sec. The engine side load restrainer links were retracted approximately

I0 sec after PU system activation.
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1.4.9 CD 614030, Hot Gimbal, Full Duration Firing, 4 Ma_ 1965

The highly successful full duration firing was manually terminated after

493.5 sec of mainstage.

Propellant loading was accomplished automatically using the APLS.' A special

LH2 recirculation system test was performed to verify performance of the

check valve recently installed in the low-pressure chilldown duct. The

valve performed as designed. The chilldown pump was operated from a

facility backup source during the special test.

Thrust chamber and turbopump chilldown and engine start sequence were satis-

factory. The PU system was activated 14 sec after engine start. The PU

valve maintained a generally LH2-rich propellant mixture as expected.

Engine side load restrainer links were retracted 16 sec after engine start;

26 sec after engine start the hot gimbal program was initiated. The pro-

gram proceeded through a gimbal sequence of varying frequencies and ampli-

tudes up to the maximum allowable deflection in pitch and yaw planes. The

hydraulic system performance was very satisfactory and stage deflection

during gimbaling was minimal.

After the test, the LOX residual was quickly dumped through the emergency

drain and good data were obtained of mass probe dry capacitance values

under simulated flight conditions after cutoff.

This was the last hot firing test of the S-IVB/IB battleship program.

1.4.10 CD 614031 and CD 614032, Aft Interstage Environmental Tests,

13 and 14 May 1965

A verification test of the new facility GN2 forward and aft interstage purge

system was performed on ii May.

Run 1 was conducted on 13 May. Propellant loading was accomplished using

the APLS. A temporary GN2 purge system shutdown was experienced during

LOX loading and air was substituted for GN2 during this time. Approximately

3/16-in. layer of ice and frost accumulated on the LOX tank aft dome while

air was used as the purging agent.
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The first test proceeded through a successful thrust chamberand turbopump

chilldown and a simulated engine start. The newly installed LOXpressuri-

zation module operated as designed.

The second test was conducted after system warmup, and proceeded through

chilldown and simulated engine start sequence.

During LH2 detanking a hold was initiated at the 70 percent level and

15 psig ullage pressure to determine the extent of tank ullage gas
saturation. Data indicated that ullage gas did not reach saturation level.

Data from run 1 tests were inconclusive because of the frost formation on

the aft domeduring GN2purge system shutdown.

Run 2 was successfully accomplished on 14 May. Propellant loading again

was accomplished by using the APLS. Thrust chamberchilldown was started

at SLO-20 min, chilldown pumpswere started at SLO-i0 min. Post-test

inspection revealed no significant accumulation of ice or frost on the LOX
tank aft dome.

In essence, these tests demonstrated that the aft skirt and interstage purge
and environmental systems are capable of maintaining the temperature of all

electronics equipment in this area within proper operating range, and that

the oxygen content can be reduced to and maintained at less than 4 percent

by volume.

1.5 S-IVB/V Development Firings

1.5.1 CD 614033, Simulated Three-Orbit First Burn, Coast and Restart,

19 June 1965

The initial S-IVB/V battleship static firing was partially successful. The

stage, J-2 engine S/N 2020, and facility shakedown was successfully accom-

plished and the special S-IVB/V configuration chilldown techniques verified.

The test was automatical±y terminated after 8.92 sec of first burn mainstage

due to a momentary Facility Activate signal dropout. The momentary con-

dition existed in the firing logic sequence where the engine start tank

pressure switch generated simultaneously "pressurized" and "depressurized"

signals, caused by a relay race and energizing a Test Enable signal.
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This situation had existed since the S-IVB/IB battleship turbine spin tests

and was thought to be compatible with the S-IVB/V configuration. The firing

logic was corrected after the test to prevent similar incidents in the
future.

%

Propellant loading was accomplished manually to over the top of the PU probe

active elements, to obtain capacitance readings with probes totally sub-

merged.

Turbopump chilldown was successfully accomplished starting with warm pump

inlets. Thrust chamber chilldown was accomplished with LH2 lead just

prior to engine start. Engine performance was satisfactory for the duration

of the firing.

1.5.2 CD 614034, Simulated Three-Orbit Test with Second Burn, 26 June 1965

The test was partially successful. After a good first burn and simulated

three-orbit coast, the second burn was terminated after 3.84 sec mainstage.

Cutoff was caused by excessive instrumentation noise from the gas generator

temperature probe. The duration of the first burn mainstage was 167 sec.

Simulated orbital coast lasted for 94 min.

Propellant loading was accomplished manually to over the top of the PU probe

active elements, to obtain capacitance readings with probes totally sub-

merged.

Terminal count for the first attempt was terminated prior to engine start

due to slow opening of the LOX prevalve which left insufficient time to

complete the sequence.

All engine start conditions were successfully accomplished for the second

attempt and the firing test proceeded through a smooth engine start and

first burn mainstage. The PU system was operated in closed-loop mode.

The hydraulic system was operating at design pressure although no gimbaling

was performed. The first burn was manually cut off 171.5 sec after engine

start.

The simulated orbital coast with vented propellant tanks lasted approxi-

mately 94 mln during which time an LH2 mass boiloff similar to that ex-

perienced in a S-IVB/V flight stage coast in orbit was accomplished.

21 February 1966

403



Appendix 2

Battleship Test History

The terminal count for the second burn was satisfactory and the engine

start sequence was normal. The engine firing was automatically terminated

3.84 sec in mainstage by R/NAA automatic monitoring system.

Although the test did not proceed through a full duration second burn, the

J-2 engine restart capabilities were successfully demonstrated after the

simulated coast. Also, repressurizatlon of stage propellant tanks was

successfully achieved.

1.5.3 CD 614035, Simulated Three-Orbit, Full Duration First and Second Burn

and Hot Gimbal Test, 1 Jul_ 1965

The first attempt was terminated automatically 5.45 sec after engine start

by the firing control logl c when the "Restrainer Arms Up" signal dropped

out momentarily.

The second attempt was cut off manually 6.37 sec after engine sequence

start because of a visual evidence of fire in the thrust cone area. The

fire was brought under control and extinguished by the test stand water

deluge system.

In preparation for the hot glmbal test, ambient gimbal checkout was

successfully accomplished on 30 June.

During propellant loading, the LOX and LH2 overfill sensors activated when

the tank levels were near the top of the PU probes. Prevalves were closed

during the loading.

Thrust chamber and turbopump chilldown was successfully achieved for both

attempts. The "Engine Restrainer Arms Up" signal was simulated during the

second attempt_ The LH2 discharge duct purge was initated and continued

until the second attempt.

After a normal start sequence and 1.72 sec of mainstage, the firing was

manually terminated because of visual indication of fire. Post-test in-

vestigation revealed that the fire and accompanying explosion originated in

the area of the thrust structure. The LH2 low-pressure duct and control and

instrumentation wiring sustained severe damage. All fire damage was re-

paired and the stage completely checked out by the end of July.
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1.5.4 CD 614041, Simulated Three-Orbit, Full Duration First and Second Burn

and Hot Gimbal Test, 12 August 1965

The test proceeded through LOX loading and 60 percent LH2 loading. At this

time excessive leakage was noted around the LH2 prevalve as indicated by

the GH2 detector. Propellants were unloaded without incident. Loose caps

of the LH2 tank anti-vortex screen pressure instrumentation ports were

retorqued and a satisfactory leak check accomplished.

1.5.5 CD 614042, Simulated Three-Orbit, Full Duration First and Second Burn

and Hot Gimbal Test, 13 August 1965

The test was manually terminated approximately 16 sec after engine sequence

start by the uprange observer because of visual fire indications.

Propellants were loaded to the overfill sensor activate point. Thrust

chamber and turbopump chilldown was achieved. Thrust chamber chilldown was

continued until SLO +6 min because of wind conditions.

Engine start sequence was normal and PU system was activated i0 sec after

mainstage OK. The fire was observed near the LH2 repressurization module

and it went out prior to test stand deluge activation. Post-test in-

spection revealed no damage sustained, except that light scorching was

noted on the control cable to the module. A loose B-nut was disclosed on

the module solenoid bleed line.

1.5.6 CD 614043, Simulated Three-Orbit, Full Duration First and Second Burn

and Hot Gimbal Test, 17 August 1965

A highly successful full duration hot gimbal firing was accomplished. The

test consisted of approximately 170 sec of first burn, 92 min of orbital

coast, and 319 sec of second burn. A tape-controlled hot gimbal program

was accomplished during the second burn.

Propellant loading was completed at the activation of overfill sensors.

Turbopump and thrust chamber chilldown sequence was normal. Engine start

sequence was normal. The PU system was activated i0 sec after mainstage OK.

The LH2 tank was vented at first burn cutoff; LOX tank was vented at ECO

+i0 min. The LH2 low-pressure duct was purged continuously during the coast
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period. A total of 3,295 ib of LH2 were boiled off during the 92-min

simulated orbital coast.

Engine start sequence of the second burn was satisfactory. The LH2 lead

chilldown was accomplished in 4.12 sec. Engine side loads dampened out

within 3 sec. PU system was activated at SLO +i0 sec. After release of

the engine restrainer arms, a tape-controlled gimbal program was initiated.

The gimbal program was completed without difficulty. Cutoff was manually

initiated by a strip chart observer due to imminent LH2 depletion.

The zero mass capacitance values were obtained on both LOX and Ul2 probes

after quick draining of propellant residuals.

1.5.7 CD 614044, Simulated One-Orbit Coast, Full Duration_ Hot Gimbal

Firing, 20 August 1965

This firing successfully concluded the S-IVB battleship program. The

duration of the first burn was 170.9 sec. The simulated coast period

lasted for 41 min, and the duration of the second burn was 360.2 sec.

A gimbal program was performed during the second burn.

Propellants were loaded to the nominal S-IVB/V levels, through pre-chilled

propellant transfer = lines. Loadings were accomplished with the main fill and

topping valves open from the start to determine the high initial fill rate

effects on tank pressure transients. No abnormal ullage transients were

observed.

Performance of all systems during the chilldown and first burn was satis-

factory. The LH2 tank was vented at ECO; the LOX tank was vented at ECO

+i0 min. The one-orbit simulated boiloff period for 1,000 ib LH2 was com-

pleted in 16.5 min. The hold was continued for a total of 41 min and the

propellants were then replenished.

The repressurization system performance was satisfactory. After a good

engine start and achievement of mainstage, a tape-controlled gimbal program

was performed between SLO +35 and SLO +270 sec with good results. The LOX

tank pressurization system operated in the backup mode for both runs.

Second burn cutoff was initiated when LOX mass had decreased to 1,650 lb.

Residual propellants were quickly drained and good zero mass probe capaci-

tance values were obtained. An ambient gimbal program, using the same

command tape, was performed during tank purge to obtain comparison data.
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Appendix 3

Abbreviations

ITEM

ac

Act

APS

Attch

Btu

Cfm

Contr

c_s

DAC

db

dc

DDAS

Disch

DPF

EBW

ECO

E/.I

EMI

EMR

ESC

FLT

ft

FM

FTC

Fwd

Gas gen

GH2

GN2

TERM

Alternating current

Actuator

Auxiliary Propulsion System

Attach

British thermal units

Cubic feet per minute

Control

Cycles per second

Douglas Aircraft Company, Inc.

Decibel

Direct current

Digital Data Acquisition System

Dis charge

Differential pressure feedback

Exploding b ridgewire

Engine cutoff

External/Internal

Electromagnetic interference

ITEM

gpm

GSE

Pt

PU

Pwr

R

RAD

Refl

Reg

RF

RMR

RSS

scim

scfm

sec

SIM

STC

sw

TERM

Gallons per minute'

Ground support equipment

Point

Propellant utilization

Power

Rankine

Radial

Reflected

Regulator

Radio frequency

Reference mixture ratio

Root sum square

Standard cubic inch per minute

Standard cubic foot per minute

Second

Safety Item Monitor

Sacramento Test Center

Switch

Engine mixture ratio

Engine start command

Flight

Feet

Frequency modulation

Florida Test Center

Forward

Gas generator

Gaseous hydrogen

Gaseous nitrogen

Syst

T-O

TAN

Temp

T/M

TP&E

v

Vib

vdc

w

System

Simulated S-IB Booster Liftoff

Tangential

Temperature

Telemetry

Test Planning and Evaluation

Volts

Vibration

Volts direct current

Watts
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